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ABSTRACT 
Green tea is noted in the West and as well in the East because of its antimicrobial activity 
and antioxidant activity, and its overall beneficial effects on the health of humans. These 
benefits are related to the presence of polyphenols in green tea particularly flavonoids. 
Green tea catechins (GTC) constitute 60-90% of total flavonoids. GTC can be further 
divided into Epigallocatechin gallate (EGCG), Epigallocatechin (EGC), Epicatechin 
gallate (ECG) and Epicatechin (EC) and these have an important role in antimicrobial 
activity. 
During the present study all of these green tea catechins were found in the green tea 
extract (GTE) using liquid chromatography and mass spectrometry (LCIMS). In this 
study the activity of tea polyphenols against variety of gram negative and gram positive 
organisms was observed. In this study three vibrios (Vibrio parahaemolyticus along with 
Vibrio cholerae and Vibrio cholerae non -01) were found to be more sensitive to GTE 
than Staphylococcus aureus, Bacillus cereus and Listeria monocytogenes. Members of 
Enterobacteriacea showed no sensitivity to green tea extract using the hole in the plate 
assay. The MICs using GTE and the purified catechins (EGCG, ECG, EGC, EC) and 
also gallic acid (GA) against these three vibrios were also determined. The antibacterial 
activity shown was ascribed to the green tea catechins predominantly by epigallocatechin 
gallate (EGCG). Among the tested Vibrio parahaemolyticus was found to be most 
sensitive to the tested catechins. Various strains of parahaemolyticus (clinical and 
environmental) showed almost similar MICs against the EGCG. 
The antimicrobial activity of EGCG appears to be correlated with the possession of the 
trihydroxyphenyl, galloyl moiety. The effectiveness of catechins containing the galloyl 
moiety is related to their redox activity, and it was observed that under aerobic 
conditions of incubation larger zones of inhibition were produced compared to those 
produced under anaerobic conditions (P<0.05) at a level of 10% fresh green tea extract. 
This clearly suggests a role for oxygen in the antibacterial activities of tea catechins. 
Similarly, in the presence of purified catechins, larger zones of inhibition were observed 
under the aerobic incubation for all three vibrios (p<0.05). The zone of inhibition in this 
study was not significantly reduced in the presence of catalase as was found in the 
previous studies suggesting that factors other than the hydrogen peroxide production may 
be involved in the antibacterial activity. 
Antioxidant activity of green tea catechins (EGCG, EGC, ECG and EC) was measured 
using two different methods which are the ferric thiocyanate (FTC) method and peroxide 
value (PV) method. Both methods showed that EGCG was the best antioxidant. However 
the antioxidant activity shown by EGC, ECG and EC were different in both methods. 
In this study it was found that the effect of storage for 64 days at 4°C, reduced the 
activity of GTE and purified catechin EGCG by 13.3% for 10% GTE whereas a much 
clearer reduction (47%) was observed to lOmM EGCG. 
In concentrations exceeding their MICs, EGCG and ECG produced rapid death in 
populations of V. cholerae and V. parahaemolyticus in survival experiments. The data 
obtained from survival experiments with V. parahaemolyticus for various concentrations 
of EGCG (0.5, 1, 2 and 3mM) were fitted to a mathematical model which gave an 
estimated death rate. These results suggested that the damage caused to bacterial cell 
membranes could be a possible reason for the sharp decrease in the viable count. In this 
recent study the interaction of EGCG with V. parahaemolyticus was examined using a 
colorimetric method and this supported the possibility of adsorption of EGCG to cell 
membrane. Finally, the effect of EGCG on cell permeability was also assessed using 
bioluminescence assay and also growing cells at different temperatures. The results 
showed a massive release of A TP in presence of EGCG and so perhaps the killing effect 
could be due to ability of EGCG to bind with the cell membrane causing permeability 
surface changes resulting in the loss of cell viability with massive loss of ATP into the 
medium. However, growth temperature showed no significance (P>0.05) in inhibition. 
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CHAPTER 1 INTRODUCTION 
1. INTRODUCTION 
Tea (Camellia sinensis L.) has been a popular, non alcoholic, healthy beverage world 
wide for centuries. It has a refreshing taste, is mildly stimulating and produces a feeling 
of wellbeing. It also increases the capacity to work and decreases dullness (Graham, 
1992; Kubo et ai, 1992; Hamilton-Miller, 1995; An et ai, 2004; Alkan et ai, 2009). 
Cultivation and consumption of tea started in China and spread throughout the world 
(Juneja et ai, 2000). Its discovery is described in an ancient Chinese legend where the 
Chinese emperor Shen Nung in 2737 B.c. was boiling water under a wild tree and a few 
tea leaves fell into the water, which gave a refreshing, revitalizing brew. From that time, 
tea was used as a herbal medicine to treat a variety of ailments (Wan et aI, 2009). 
Prior to the middle of the nineteenth century, all teas consumed in the West were 
produced in China. Today, the main tea producing countries other than China are India, 
Kenya, Sri Lanka, Turkey, Indonesia and Vietnam (Hamilton-Miller, 1995; Alkan et aI, 
2009). These countries accounted for 26.68%, 26.49%, 9.38%, 9.05%, 5.87%, 4.73%, 
and 2.97% respectively of global production in 2005. At the end of the nineteenth 
century, black tea overtook green tea and became dominant in the world tea market. In 
the 1970s, tea bags were introduced to the market. There are diverse tea consumption 
habits; for example, green tea is popular in the Far East while black tea is more familiar 
in the west (Hamilton-Miller, 1995). Developed countries prefer mainly black tea and tea 
bags, while the Chinese like hot green tea drinks and the Japanese like canned or bottled 
tea drinks (Wan et aI, 2009). 
Tea is a perennial leafy crop. Tea plants prefer a warm and humid climate with plenty of 
rainfall and also like diffused light and weakly acidic and well-drained soil. Well-grown 
tea plants provide high-quality tea shoots, which vary with cultivar and the environmental 
conditions, such as the type of soil, altitude and climate of the growing area. A Chinese 
idiom says, "A higher mountain yields higher quality tea," which indicates that mountain 
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conditions are optimal for tea plant growth, especially the growth of high-quality flush 
(the terminal bud and the adjacent two leaves of tea plant) (Tong, 2000; Shahidi et aI, 
2004; Wan et aI, 2009). 
The fresh tea leaves are usually used for tea manufacturing and are harvested by hand 
plucking or mechanically. Hand plucking is more labour intensive and time consuming 
and less efficient, but with higher uniformity. The well-known high-quality green teas are 
mostly produced from hand-plucking fresh tea leaves in China. Fresh tea leaves can be 
harvested during different seasons in a year, which changes with the climate of the tea 
growing area. In China, the leaves are plucked in spring, summer, and autumn; in winter 
the tea bush is dormant. After being plucked, the fresh tea leaves are sent immediately to 
tea factories for manufacturing (Wan et aI, 2009). 
1.1 Types of Tea 
Tea is usually divided into three basic types: green tea (non fermented), oolong tea (semi 
fermented) and black tea (fully fermented). Green tea is prepared in such a way as to 
prevent the oxidation of green leaf polyphenols. During black tea production oxidation is 
encouraged so that most of these substances are oxidized. Oolong tea is a partially 
oxidized product. Of the approximately 2.5 million metric tons of dried tea manufactured, 
only 20% is green tea and less than 2% is oolong tea (Chen, 1986; Graham, 1992; Wan et 
al,2009). 
The type and quantity of tea taken varies in different countries and races (Benzie and 
Szeto, 1999). Black ("fermented") tea is popular in the West; "semifermented" Oolong-
type tea is commonly drunk in Taiwan and parts of China; green ("nonfermented") tea is 
favoured in the rest of China, the Middle East, Northern Africa, and Japan (Benzie' and 
Szeto, 1999; Sharma et al, 2007). 
Consideration of both the processing method and the characteristic quality of the 
manufactured tea, gives rise to a classification into six types of tea (Figure 1.1): green tea, 
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yellow tea, dark tea (containing brick tea and pu-erh tea), white tea, oolong tea, and black 
tea (Chen, 1986; Kubo et aI, 1992; Juneja et aI, 2000; Cheng, 2004; Wan et aI, 2009). 
Green Tea: Fresh tea leaves ~ Fixed ~ Rolled ~ Dried 
(steamed or pan fried to inactivate oxidase) 
Yellow Tea: Fresh tea leaves ~ Fixed ~ Rolled ~ Yellowed ~ Dried 
Dark Tea: 
(piled and smothered to auto-oxidize) 
Fresh tea leaves ~ Fixed ~ Rolled ~Pile fermented ~ Dried 
(oxidized by the oxidases of resident microbes) 
White Tea: Fresh tea leaves ~ Withered ~ Air dried or baked ~ Re-fired 
(with more fine hairs/flosses) 
Oolong Tea: Fresh tea leaves ~ Withered ~ Bruised(shaken) ~ Partially 
fermented ~ Fixed ~ rolled ~Dried 
Black Tea: Fresh tea leaves ~ Withered ~ Rolled ~ Fully fermented ~ Dried 
(orthodox rolling or CTC) 
Figure 1.1 Schematic of primary tea processing. (Wan et aI, 2009). 
The process of tea fermentation differs from real fermentation since microorganisms do 
not participate in the process with an exception of dark tea. The so-called fermentation in 
tea processing is not the anaerobic breakdown of an energy-rich compound (such as a 
carbohydrate to carbon dioxide and alcohol or to an organic acid), but is mainly the 
oxidative polymerization and condensation of catechins catalyzed by endogenous 
polyphenol oxidase and peroxidase (Wan et aI, 2009). During the manufacture of black 
tea and oolong tea, tea catechins, are oxidized and dimerized to form orange-red 
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pigments, theaflavins (TF): a mixture of theaflavin (TF,), theaflavin-3-gallate (TF2A), 
theaflavin-3'-gallate (TF2B) and theaflavin-3,3'-digallate (TF3) (Leung et aI, 2001). The 
oxidation products during the production of black tea such as theaflavins and thearubigins 
contribute to the colour and taste of black tea (Wan et aI, 2009). In black tea theaflavins 
are almost 10% and thearubigins are 50-60% of total flavonoids (Riemersma et ai, 2001). 
Subsequent heating and drying processes inactivate the enzymes and terminate the 
oxidation reaction. In green tea production, tea leaves are steamed immediately after 
harvesting and the enzymes are inactivated at the initial stage. Therefore, the composition 
of green tea polyphenols is simpler and similar to that in the fresh tea leaves (Juneja et aI, 
2000; Tanaka et aI, 2009). 
Although different green teas may be produced by different processing techniques, the 
general procedure is: fresh tea leaves plucked ~fixed (inactivating enzyme, in 
Chinese called shaqing) ~ rolled ~dried (or fired). 
Different kinds of green tea require different plucked young tea shoots. The common 
young tea shoots required are one bud and two or three leaves, while those for famous 
high-quality green tea are usually one bud and one leaf, even just one bud (Wan et aI, 
2009). 
1.2 Fresh Green Tea Composition 
The chemistry of tea is quite complex and includes polyphenols, alkaloids, amino acids, 
glucides, proteins, volatile compounds, minerals and trace elements. Among these 
polyphenols are the most biologically active components which have antioxidative, 
antimutagenic and anticarcinogenic effects. But there are other compounds in green tea 
with significance for human health like fluoride, caffeine, minerals and trace elements 
like, chromium and manganese (Reto et al 2007). 
In general, fresh green tea leaf is distinguished by its remarkable content of 
methylxanthines and polyphenols. These two groups of compounds are predominantly 
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responsible for the unique properties of tea that account for its popularity as a beverage. 
The precise chemical composition of tea leaf varies with climatic conditions, season, 
position on the flushing shoot, agricultural practices, and, above all, with the clone or jat 
being examined. A representative analysis of fresh leaf flush is presented in Table.1.1 
(Balentine et aI, 1998; Lee et aI, 2008). 
Components 
Flavanols 
Flavonols and flavonol glyosides 
Polyphenolic acids and depsides 
Other polyphenols 
Caffeine 
Theobromine 
Amino Acids 
Organic acids 
Monosaccharides 
Polysaccharides 
Cellulose 
Protein 
Lignin 
Lipids 
Chlorophyll and other pigments 
Ash 
Volatiles 
Others 
% of dry weight 
25.0 
3.0 
5.0 
3.0 
3.0 
0.2 
4.0 
0.5 
4.0 
13.0 
7.0 
15.0 
6.0 
3.0 
0.5 
5.0 
O.l 
2.7 
Table 1.1: Composition of Fresh Green Leaf. Source, (Balentine et aI, 1998). 
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Green tea chemical composition is quite complex; it comprises proteins (15-20% dry 
weight) whose enzymes constitute an important fraction; amino acids (1-4% dry weight) 
such as teanine or 5-N ethylglutamine, glutamic acid, tryptophan, glycine, serine, aspartic 
acid, tyrosine, valine, leucine, threonine, arginine, lysine. Carbohydrates (5-7% dry 
weight) such as cellulose, pectins, glucose, fructose, sucrose are also present. Lipids such 
as linoleic and linolenic acids; sterols such as stigmasterol; vitamins B, C and E; xanthic 
bases such as caffeine and theophylline (Fig 1.2); pigments such as chlorophyll and 
carotenoids; volatile compounds such as aldehydes, alcohols, esters, lactones, 
hydrocarbons, etc are also present along with minerals and trace elements (5% dry 
weight) such as Ca, Mg, Cr, Mn, Fe, Cu, Zn, Mo, Se, Na, P, Co, Sr, Ni, K, F and Al 
(Cabrera, et al 2006). 
Caffeine Theophylline 
Fig 1.2 Chemical structure of Caffeine and Theophylline (Cabrera, et al 2006). 
Polyphenols constitute the most interesting group of green tea leaf components, and in 
consequence, green tea can be considered an important dietary source of polyphenols, 
particularly flavonoids. Green tea also contains gallic acid (GA) Fig.I.3 and other 
phenolic acids such as chI orogenic acid and caffeic acid, and flavonols such as 
kaempferol, myricetin and quercetin (Cabrera, et aI2006). 
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HO 
OH 
Gallic acid 
Fig 1.3 Chemical structure of Gallic Acid (Cabrera, et al 2006) 
Flavonoids are a group of polyphenolic secondary metabolites that occur in plants, fruit 
skin, bark, flowers and seeds. Flavonoids are responsible for the colour of fruits and 
vegetables and are naturally present in a variety of plant derived foods such as wine, 
fruits, tea and chocolate (Yilmaz, 2006). Their basic structure comprises two aromatic 
rings (A and B), each containing at least one hydroxyl group, which are connected 
through a three carbon 'bridge' (Figure 1.4). This bridge consists of three carbons that 
joined with oxygen and two carbons of aromatic ring (A), form a six member 
heterocyclic ring (C). 
3' 
Figure: 1.4 Basic monomeric structure of flavonoids ( Yilmaz, 2006; Gao et aI, 2006). 
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Flavonoids are derived from the condensation reaction of cinnamic acid with three 
malonyl-CoA groups. They are generally characterized as phenolics or polyphenols 
because of their chemical structure. 
The flavonoids are further divided into subclasses based on: connection of aromatic ring 
B to heterocyclic ring C, oxidation state of ring C and functional groups attached to C 
ring. According to Seigler (cited in Yilmaz, 2006) there are 14 classes of flavonoids. 
However, a major dietary flavonoids are mostly classified within six groups shown in 
Table 1.2 (Yilmaz, 2006). Subclasses of flavonoids includes flavanol, flavanones, 
flavones, isoflavones, flavonols and anthocyanidins (Beecher, 2003; Gao et aI, 2006; 
Yilmaz, 2006). 
Subclasses of Flavonoid 
Anthocyanidins 
Flavonols 
Flavanol 
Isoflavones 
Flavones 
Flavanones 
Example of prominent food flavonoids 
Delphinidin, cyanidin, petunidin, peonidin , 
pelargonidin and malvidin 
Quercetin, kaempferol, isorhamnetin, and myricetin 
Catechin, gallocatechin, epicatechin, epigallocatechin, 
epicatechin-3-gallate, and epigallocatechin-3-gallate 
Genistein, daidzein, formononentin, biochanin A, and 
glycitein 
Rutin, apigenin, luteolein, and chrysin 
Eriodictyol, hesperidin, naringenin 
Table 1.2: Major dietary flavonoids and example of prominent food flavonoids. Source 
(Beecher,2003; Yilmaz, 2006). 
The content of catechins, a type of flavanol, may be 10-20% of the dry weight of 
different varieties of green tea (Hamilton-Miller, 1995; Chen et aI, 2010). Their 
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production increases on exposure to light and decreases in shade. Production is related to 
the activity of the enzyme phenylalanine ammonia-lyase. Activity of this enzyme 
decreases rapidly with the decrease in light exposure (Hara, 2001). 
Since green tea is the non-oxidised product it has larger amounts of polyphenols 
(catechins) than either oolong or black tea. which are partially and fully oxidised, 
respectively. However, the level of individual catechins along with the total amount of 
catechins and caffeine varies significantly between different green tea samples 
(Gregersen et al 2009). 
Catechins (also called proanthocyanidins or flavan-3-ols) constitute 60-90% of total 
flavonoids present in green tea and are divided into four primary and four secondary 
compounds. Primary compounds are epicatechin (EC), epicatechin gallate (ECG), 
epigallocatechin (EGC) and epigallocatechin gallate (EGCG) (Wu and Wei, 2002) while 
the four secondary compounds are catechin, catechin gallate, gallocatechin and 
gallocatechin gallate (Table 1.2; Fig 1.5). Catechin and epicatechin are epimers, differing 
in the orientation of the hydroxyl group at C-3 on the C ring (Molyneux, 2004; Xu et al 
2004; Yilmaz, 2006). Epicatechin is a monomeric flavanol, having ortho-dihydroxyl 
groups in B ring at carbon 3 and 4 and a hydroxyl group at 3 carbon in C ring. EGC 
differs from epicatechin in that it has hydroxyl groups at carbon 3', 4' and 5' on the B-
ring, whereas ECG differs from epicatechin in its gallate moiety esterified at carbon 3 of 
the C- ring. EGCG has both three hydroxyl groups at carbons 3', 4 and 5 on the B-ring 
and a gallate moiety esterified at carbon 3 on C-ring (see Figure 1.5). 
EGC and EGCG are the predominant catechins present in green tea leaves (Lee et aI, 
2008). They are known to differ in bioavailability and pharmacokinetics, with 
particularly striking differences between EGCG and the de-gallated EGC (Gregersen et al 
2009). 
lO 
OH 
~ OH 
.' OH I ~ ""IOH 
OH 
Epigallocatechin (EGC) 
HO 
OH 
OH 
JvyOH 
YOH 
OH 
Epicatechin gallate (ECG) 
6: ~ OH Ho'Y)0 .... ,~ I 
" .' OH I ~H .~ •• "O '-=::: OH 
o I 
h OH 
OH 
Epigallocatechin gallate (EGCG) 
(X0H HO~." I .• ' OH I 
""'OH 
OH 
Epicatechin(EC) 
Fig 1.5 Structures of Tea catechins (Cabrera et a1 ,2006). 
11 
EGCG only occurs in tea, while other catechins can be found in some fruits and 
vegetables. Thus, EGCG is generally considered a quality indicator of green tea products 
(Lavelli et aI, 2010). It generally makes up to 40% of total catechin content (Wang and 
Ho, 2009) and is the most abundant catechin in the leaves of green tea (Yilmaz, 2006). 
EGCG is largely responsible of the antioxidant activity of green tea; which is based on 
the radical scavenging and metal ion- chelating potential (Seeram et al,2006). 
In studies it has been reported that in green tea infusions the levels of epigallocatechin 
gallate (EGCG) ranged from 117 to 442 mg/l, epicatechin gallate (ECG) from 203 to 471 
mg/l, epigallocatechin (EGC) from 16.9 to 150 mg/l, epicatechin (EC) from 25 to 81 mg/l 
and catechin (C) from 9.03 to 115 mg/I. Caffeine contents in the green tea infusions 
studied were between 141-338 mg/l (Reto et aI, 2007). In a contrasting study the levels 
of catechins in tea infusion are reported as EGCG 1255mg/l, ECG 361 mg/I, EC 738 
mg/I, EGC 1565mg/l and catechin 270mg/I(Del Rio et aI, 2004). The direct comparison 
of results from various studies can be difficult due to variation in method of preparation 
of the tea infusion, brewing time, temperature as well as the ratio of leaves to water 
(Petisca et al , 2009). 
Tea contains only trace amounts of iron (0.043 and 0.03-0.17 mg/l). The bioavailability 
of this element is influenced by the polyphenols found in tea that can markedly inhibit the 
absorption of nonheme iron (Reto et aI, 2007). 
Other bioactive compounds found in tea comprise gallic acid, the methylxanthines, 
theophylline and caffeine. One of the most important phenolic acids present in tea is 
gallic acid. Gallic acid also exhibits antioxidant properties, an anti carcinogenic effect and 
antifungal activity (Petisca et aI, 2009). 
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The amount of gallic acid, theophylline and caffeine extracted, is dependent on the 
genetic characters, season, age of the leaves, agronomic conditions, the manufacture 
style, type of water used to prepare the tea and the temperature and duration of infusion 
(Petisca et al ,2009). 
1.2.1 Effect of Storage on the Green Tea catechins 
Levels of green tea catechins (GTC) i.e. epicatechin (EC), epicatechin gallate (ECG), 
epigallocatechin (EGC) and epigallocatechin gallate (EGCG) progressively decrease 
during storage of solid tea extracts as well as in tea infusions (Chen et al 2001; Friedman 
et aI, 2009). 
EGCG has been found to be more stable than the ECG, EGC and EC (Friedman et aI, 
2009). EGCG, ECG, EGC and EC were vulnerable to epimerization when exposed to 120 
°C for half an hour; and converted to their corresponding epimers, namely gallocatechin 
gallate (GCG), catechin gallate (CG), gallocatechin (GC) and catechin (C) respectively 
(Seto et aI, 1997). A study of the changes in individual and total catechin levels as a 
function of storage time showed a gradual decrease in the contents of total GTC and 
losses in the most copious occurring catechins i.e. EGCG and ECG (Friedman et aI, 
2009). 
1.2.2 Composition of Green Tea Extract using liquid chromatography/mass 
spectrometry (LC/MS) 
GTE have been analysed on a reversed phase HPLC column and the phenolics eluted 
using mobile phase gradients optimised to resolve catechin derivatives. Individual 
compounds were identified on the basis of their retention time, absorbance spectrum and 
MS fragmentation pattern (Del Rio et aI, 2004). 
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Studies of tea phenolics components using LC/MS have been reported the detection of 
more than 50 phenolics components in a single chromatographic run (Lin et aI, 2008). 
The green tea catechins (GTC) i.e. epicatechin (EC), epicatechin gallate (ECG), 
epigallocatechin (EGC) and epigallocatechin gallate (EGCG) are always reported in 
green tea (Del Rio et aI, 2004; Wong et aI, 2009; Vuong et aI, 2010). 
1.3 Health Benefits of Green Tea 
The three main components of green tea leaves which have the beneficial effect on 
human health are xanthic bases (caffeine and theophylline), essential oils and, especially, 
the polyphenolic compounds. Some of the effects caused by caffeine are enhanced due to 
the theophylline content of tea. Theophylline encourages psychoactive activity, it also has 
a vasodilator effect and has a much higher diuretic effect than caffeine. The most 
interesting effects can be observed at the bronchopulmonar and respiratory level, which 
results in a non-specific relaxation on the bronchial smooth muscle, and respiratory 
stimulation is also observed (Cabrera et aI, 2006). 
Essential oils in green tea are found to facilitate digestion (Cabrera et aI, 2006). They are 
present in a high percentage but are extremely volatile and evaporate after some time so 
their presence is maximized by a short brewing time. 
There has been great interest in the therapeutic, antioxidant, antitumorigenic and 
antimutagenic properties of both the whole green tea brew and the individual flavan-3-0Is 
(Hamilton-Miller, 1995; Copeland et aI, 1998; Mukhtar and Ahmed, 2000; Dufresne and 
Farnworth, 2001; Cooper et aI, 2005; Choi et aI, 2006; Tang et aI, 2009). Green tea is a 
powerful antioxidant capable of scavenging hydroxyl, peroxyl and superoxide radicals 
due to the flavan-3-0Is (catechins) it contains (Juneja et aI, 2000; Molyneux, 2004; 
Yilmaz, 2006). 
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Most of the health benefits associated with green tea consumption are attributed to EGCG 
(Ozercan et aI, 2008). Epidemiological studies suggest that consumption of tea (green as 
well as black tea) is associated with beneficial cardiovascular effects, for instance lower 
chances of having a heart attack due to nitric oxide (NO) production and vasodilation 
(Lorenz et aI, 2009). 
An increase in consumption of green tea may be related to reduction of lung cancer 
(Copeland et aI, 1998; Tang et aI, 2009). In a study researchers revealed decreased risk of 
cancer and cardiovascular incidence in those consuming over 10 cups a day, in contrast 
with those consuming below 3 cups (Nakachi et aI, 2000). 
One study reported that EGCG showed antithrombotic activities. The mode of 
antithrombotic action may related to antiplatelet activities but not anticoagulation 
activities as shown by the drug aspirin; hence EGCG has a role in the prevention of 
cardiovascular disease (Kang et aI, 1999). 
Several epidemiological studies have shown beneficial effects of green tea in cancer, 
cardiovascular, and neurological diseases. The health benefits related with green tea 
utilization have also been established in animal studies of cancer chemoprevention, 
hypercholesterolemia, artherosclerosis, Parkinson's disease, Alzheimer's disease, and 
other aging related disorders (Zaveri, 2006; Loke et aI, 2010; Mart'mez de Morentin et aI, 
2010). 
Epidemiological and animal studies discovered that EGCG in particular had a role in 
preventing various cancers, such as lung, prostate, and breast cancers (Yang et aI, 2006). 
It has also been shown that green tea and EGCG are natural inhibitors of TNF- a gene 
and hence have a role in prevention of stage I and II breast cancer. Green tea could also 
help prevent and treat other diseases like rheumatoid arthritis, Crohn's disease, malaria, 
sepsis, graft versus host reaction, multiple sclerosis, cachexia associated with cancer and 
HIV replication (Fujiki et al,1999). 
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It has been reported that consumption of green tea catechins (GTC) (270 mg to 1200 
mg/day) may reduce body weight and fat in humans. There are several proposed 
mechanisms. According to one of the prevailing hypotheses GTC influences the 
sympathetic nervous system (SNS) activity, increasing energy expenditure and promoting 
the oxidation of fat. Other possible mechanisms include modifications in appetite; up-
regulation of enzymes involved in hepatic fat oxidation, and decreased nutrient 
absorption (Rains et aI, 2011). 
Metabolic syndrome (MetS) also called Insulin Resistance Syndrome or Metabolic 
Syndrome X. MetS is a combination of medical disorders that increase the risk of 
developing cardiovascular diseases and diabetes. The metabolic syndrome (MetS) 
represents an emerging health burden for governments and health care providers. 
Particularly relevant for prevention and early management of MetS are lifestyle 
conditions including physical activity and the diet. It has been shown that green tea, when 
consumed on a daily basis, helps in reducing MetS (Copeland et aI, 1998; Agoston-
Coldea et aI, 2008; Thielecke and Boschmann, 2009). 
GTC also have many health beneficial effects like lowering the cholesterol in body. It 
appears that the cholesterol-lowering effect of green tea is mainly elicited by EGCG, 
which interferes with the micellar solubilization of cholesterol in the digestive tract, 
which results in decreased cholesterol absorption (Raederstorff et aI, 2003). 
One study has also suggested that tea consumption reduces dental caries (Wu and Wei, 
2002). In a separate study stated that EGCG is a natural anticarogenic agent as it exhibits 
antimicrobial activity against Streptococcus mutans and suppresses the specific virulence 
factors associated with its cariogenicity (Xu et al, 2011). 
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1.4. Antimicrobial Activity of Green Tea 
From the olden days, the use of plant remedies against infections has been very common 
and widespread. More than 20000 plant species are reported by the World Health 
Organization (WHO) as having medicinal properties and being used for ailments like 
pneumonia, diarrhoea, ulcer, colds and respiratory tract diseases (Goncalves et aI, 2008). 
Among the compounds showing wide spectra of antimicrobial effectiveness are thymol 
from thyme and oregano, cinnamic aldehyde from cinnamon, eugenol from cloves and 
carvacrol from oregano. Extracts from guava leaves have antimicrobial activity against 
Enterobacteriaceae, Vibrionaceae, Micrococcaceae and Propionibacteriaceae ( Nychas et 
aI, 2000; Knowles et aI, 2005; Boskou , 2006). 
Although, the mechanism of action of phenolics and essential oils on microorganisms is 
not clear, it is generally accepted that they frequently attack the cytoplasmic membrane, 
destroying its permeability, releasing intracellular constituents and causing membrane 
dysfunction in respect of electron transport, nutrient uptake, nucleic acid synthesis and 
ATPase activity etc (Nychas et aI, 2000). 
An early example of antimicrobial action due to tea occurred in the beginning of 
twentieth century. It was reported that an army surgeon recommended the use of tea in 
soldiers' water bottles to reduce the chances of typhoid (Hamilton-Miller, 1995). It is not 
clear however whether this involved boiling the water which would have had a major 
protective effect as well as tea itself. 
In the 1990s, several studies showed that purified catechin fractions from green tea and 
ECG and EGCG in particular inhibit the growth of many bacterial species (Hamilton-
Miller, 1995). This includes Vibrio species (Tiwari et aI, 2005) and Toda et al (cited in 
Hamilton-Miller, 1995) suggested that patients with cholera could benefit if tea extracts 
were added to oral rehydration solutions (Hamilton-Miller, 1995). 
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Lee et al, (2008) reported that the green tea stern extract seemed to have generally lower 
antimicrobial activity than green tea leaf extracts (Lee et aI, 2008). Studies describing 
reports of the range antimicrobial activity of green tea are presented as Table 1.3 Taguri 
et al (2004), reported the susceptibility of different bacteria to the polyphenols isolated 
from commercial green tea; punicalagin. Average MICs for Staphylococcus aureus were: 
EGC 162±44 Ilg/ml, EGCG 98±34 Ilg/ml; for Vibrio species: EGC144 ± 48Ilg/ml, 
EGCG 68± 25Ilg/ml; for Salmonella: EGC 572 ± 186Ilg/ml, EGCG 308 ± 91 jJg/ml; and 
for Escherichia coli: EGC 733 ±121 and EGCG 602 ± 162 Ilg/ml (Taguri et aI, 2004). In 
a later study, Taguri et al (2006) reported the antibacterial activity of purified 
polyphenols isolated from commercial green tea; punicalagin, against Vibrio 
parahaemolyticus, Vibrio vulnificus and Aeromonas hydrophila. Average MIC for Vibrio 
parahaemolyticus, Vibrio vulnificus and Aeromonas hydrophila were: EGC 150 ± 44 
jJg/ml, EGCG 78 ± 10 jJg/ml, ECG 200 ± 88 jJg/ml and catechins 100 ± 44 jJg/ml 
(Taguri et aI, 2006). 
Target organisms Inhibitors References 
Adenovirus Tea catechins Friedman,2007 
Bacillus cereus EGCG (MIC 612 jJg/ml), ECG Si et al,2006 ; Friedman, 2007 
(MIC 668 jJg/ml); Tea 
catechins 
Bacillus subtilis Green tea flavour components; Kubo et al, 1992 ; Chou et al 
0.1 % green tea powder ,1999 
Bovine coronavirus EGCG Friedman,2007 
Bovine rota virus EGCG Friedman,2007 
Brevibacterium ammonagenes Green tea flavour components Kubo et aI, 1992 
Campylobacter jejuni Green tea polyphenols Friedman, 2007 
Candida albicans EGCG 12.5 mg/L with Hirasawa and Takada, 2004 
Fluconazole 10- 50 mg/L 
Candida uti/is Green tea flavour components Kubo et aI, 1992 
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Clostridium perfringens Tea Friedman, 2007 
Enterobacter aerogenes Green tea flavour components Kubo et al,1992 
Epstein-Barr virus EGCG Friedman,2007 
Escherichia coli Green tea flavour components; Kubo et al,1992 ; Chou et al 
0.1 % green tea powder; Green ,1999; An et aI, 2004; 
tea polyphenol (MIC 500 Simonetti et al,2004; Taguri et 
ppm); Green tea In al 2004; Taguri et al 2006; 
combination with butyrated Friedman, 2007 
hydroxyaniso1e (BHA) ; ECG, 
EGCG. 
Escherichia coli O157:H7 EGCG (MIC 539 flgiml), ECG Si et al,2006; Hong et aI, 2009 
(MIC 776 flgimI); 2.8% Green 
tea extract 
Escherichia coli KI2 Green tea polyphenol (MIC Amarowicz et aI, 2000; An et 
500 ppm) aI, 2004 
Herpes simplex virus Catechins Friedman,2007 
Helicobacter pylori EGCG and ECG (MIC9o 100 Yanagawa et aI, 2003 
flgiml) 
Influenza virus Catechins Friedman,2007 
Listeria monocytogenes Green tea extract Kim et al 2004; Mbata et al 
,2006; Si et al,2006; Friedman, 
2007; Hong et al, 2009 
Legionella pneumophila EGCG Friedman,2007 
Methicilin resistant Green tea extract Stapleton et aI, 2004 
Staphylococcus aureus 
Mycobacterium tuberculosis Catechins Friedman,2007 
Mycoplasma pneumoniae Catechins Friedman,2007 
Pityrosporum ovale Green tea flavour components Kubo et aI, 1992 
Penicillium chrysogenum Green tea flavour components Kubo et aI, 1992 
Propionibacterium acnes Green tea flavour components Kubo et al,1992 
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Proteus mirabilis Green tea extract (MIC 800 Friedman,2007 
~g/ml) 
Proteus vulgaris 0.1 % green tea powder Chou et al ,1999 
Pseudomonas aeruginosa Green tea flavour components; Kubo et aI, 1992; , 
Green tea extract (MIC 800 Friedman,2007 
~g/ml) 
Pseudomonas fluorescens 0.1 % green tea powder Chou et al ,1999 
Saccharomyces cerevisiae Green tea flavour components Kubo et aI, 1992 
Salmonella Typhi Green tea extract (MIC 79.56 Tiwari et al,2005; 
mg/mI) Friedman,2007 
Salmonella Typhimurium Green tea extract (MIC 94.61 Tiwari et al,2005; Si et aI,2006 
mg/mI) 
Shigella dysenteriae Green tea extract (MIC 9.09 Tiwari et al,2005 
mg/mI) 
Serratia marcescens Green tea extract Friedman,2007 
Streptococcus mutans Green tea flavour components; Kubo et aI,1992 ;An et aI, 
green tea poIyphenoi (500 2004; Simonetti et aI,2004; 
ppm); Green tea 10 Friedman,2007; Smullen et aI, 
combination with butyrated 2007 
hydroxyanisole (BHA); green 
tea extract; green tea ( MIC 2 
mg/mI) 
Staphylococcus aureus Green tea flavour components; Kubo et aI,1992 ;An et aI, 
green tea poIyphenoi (250 2004; Taguri et al 2004; Kim 
ppm); green tea extract. et al 2004 ; Friedman,2007 
Staphylococcus epidermidis Green tea pol yphenols( <1 An et aI, 2004 
ppm) 
Trichophyton mentagrophytes Green tea flavour components Kubo et aI,1992 
Vibrio parahaemolyticus EGCG (MIC 83 ~g/mI), EGC Taguri et al 2006 
(MIC 133 ~g/ml) 
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Vibrio vulnificus EGC (MIC 200 llg/ml), EGCG Taguri et al 2006 
(MIC 67 llg/ml) 
Yersinia enterocolitica Tea extract (MIC 47.3 mg/ml) Tiwari et a1,2005 
Table 1.3: Reported antimicrobial/antiviral activity of Green Tea 
1.4. 1 An effective tea catechin EGCG 
Epigallocatechin gallate (EGCG) is the main constituent of GTC responsible for its 
antibacterial action (Su et aI, 2008). In reporting the antibacterial activity of polyphenols 
against the 26 different species, EGCG was found to be convincingly strong against the 
Vibrio parahaemolyticus, Vibrio vulnificus and Aeromonas hydrophila (Taguri et aI, 
2006). 
It was deduced that the presence of the 3, 4, 5-trihydroxyphenyl groups (the pyrogallol 
group) is related to the antibacterial activity of the compound; EGCG was found to be 
more effective than the EGC, ECG and catechin and it has two pyrogallol groups, 
whereas the EGC and ECG have one and catechin has none (Taguri et aI2006). 
Xu et al (2010), reported that EGCG is the main antimicrobial tea catechin responsible 
for inhibition of growth and also the expression of virulence factors of oral pathogens, in 
vitro. Although the mechanism is unclear, EGCG reduced halitosis (oral bad odour) 
caused by volatile sulfur compounds (VSCs) suggesting it may be an alternative to 
antimicrobials currently used for halitosis control (Xu et al; 2010). There is a strong 
possibility that the EGCG and other GTC inhibit microbial growth by more than one 
mechanism. Such as in Porphyromonas gingivalis EGCG showed the suppression of gene 
responsible for halitosis. 
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A number of other reports indicate possible therapeutic uses of EGCG in combination 
with recognized antimicrobials. EGCG is active when used in combination with 
tetracycline against the tetracycline resistant Staphylococcus species. It causes the 
impairment of tetracycline efflux pump activity and, as a result, increased retention of 
drug inside the cell, suggesting a novel use of EGCG as an adjuvant in antibacterial 
therapy (Sudano Roccaro et aI, 2004). 
Hirasawa and Takada (2004) reported that EGCG in combination with antimycotic 
substances increases the antifungal effect of amphotericin B or fluconazole against 
antimycotic-susceptible and -resistant Candida albicans. Its hoped that, by following 
lower dosage use, this could be supportive in avoiding the side effects of antimycotics. 
The antibacterial activity of amoxicillin against Helicobacter pylori was considerably 
increased in combination with EGCG (Yanagawa et aI, 2003). 
The tea catechins most strongly associated with antimicrobial activity are those which are 
redox active and there is some evidence that this might be related to their antimicrobial 
activity. Oleuropein is a plant phenolic compound and found in olive fruit. One study 
showed that inhibition of Staphylococcus aureus by oleuropein is mainly due to 
production of hydrogen peroxide by o1europein, although other factors also contributed to 
the inhibition (Zainichelli et aI, 2005; Omar, 2010). 
Oxidation and reduction (redox) reactions involve the transfer of electrons from one 
compound to another. Oxidation is a process in which the transfer of electrons takes place 
from the electron donor or reductant or reducing agent to the electron acceptor or oxidant 
or oxidizing agent. As a result of this process the electron donating compound becomes 
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oxidized. In reduction electrons are added to a compound and the resulting compound is 
said to be reduced. The process of oxidation and reduction can be summarized as: 
Reductant (electron donor) ~ oxidant ( electron acceptor) + e- (electron) 
1 1 
(After donating 'e- 'compound oxidized) (After accepting 'e- 'compound reduced) 
The affinity of a compound for electrons is termed its redox potential or reduction 
potential, designated by Eh and measured in volts or millivolts. The value for each 
substance is compared to that for hydrogen, which is set arbitrarily at zero. Substances 
that are more strongly oxidizing than hydrogen have positive redox potentials (oxidizing 
agents), whereas substances that are more reducing than hydrogen have negative redox 
potentials (reducing agents) (DeLaune and Reddy, 2005). Examples of redox couples are 
shown in Table 1.4. 
Redox couple Relative electrode 
potential (millivolts) 
at pH 7 (ref) 
Oxidised species Reduced species 
hydroxyl radical (HO-) water 2310 (Buettner, 1993) 
superoxide radical anion (02- ) water 1800 (Buettner,1993) 
alkoxyl radical (RO-) alkanol (ROH) 1600 
(Koppenol, 1990) 
4-oxyl-benzoate radical 4-hydroxybenzoate 1040 
(Jovanovic et aI, 
1991) 
alkyl-peroxyl radical (ROO-) alkyl-hydroperoxide (ROOH) 1000 (Buettner, 1 993) 
1000 ± 60 (Koppenol, 
1990) 
1020-1110 (Jovanovic 
et aI, 1992) 
kaempferol phenoxyl radical anion kaempferol 950 
(Jovanovic et aI, 1994) 
phenoxyl radical phenol 930 ± 100 
(KoppenoI, 1990) 
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900 
(Surdhar and 
Armstrong, 1986) 
glutathione thiyl radical glutathione anion 920 
(Surdhar and 
Armstrong, 1986) 
2,4-dihydroxyacetophenone phenoxyl 2,4-dihydroxyacetophenone 890 
radical (Jovanovic, et a1 1995) 
I-methoxy-3,5-dihydroxy phenoxyl radical 3,5-dihydroxyanisole 840 
(J ovanovic, et al 1995) 
3-hydroxy phenoxyl radical 1,3-dihydroxyphenol 810 
(resorcinol) (Steenken et al, 1982) 
720 
(Steenken et aI, 1979) 
curcumin phenoxyl radical curcumin 770 
(Jovanovic et aI, 1999) 
4-methoxy phenoxy radical 4-methoxy phenol 730 
(Jovanovic et aI, 1994) 
hesperidin phenoxyl radical (neutral) hesperidin anion 720 ± 20 
(Jovanovic et ai, 
1994) 
rutin phenoxyl radical anion rutin anion 600 ± 20 (Jovanovic et 
ai, 1994) 
PUFA (bis-allylic) radical PUFA 600 
(Buettner, 1993) 
urate radical anion urate anion 590 
(Jovanovic et ai, 1991) 
2,6-dimethoxyphenoxyl radical 2,6-dimethoxyphenol 580 
(Jovanovic et ai, 1991) 
2,3-dihydroxy phenoxyl radical anion 1 ,2,3-trihydroxy phenol 575 
(pyrogallol) anion (Steenken et aI, 1982) 
(+ )-catechin phenoxyl radical anion (+ )-catechin anion 570 ± 20 (Jovanovic et 
aI, 1994) 
methyl gallate phenoxyl radical anion methyl gallate anion 560 
(J ovanovic et al,1997) 
caffeate phenoxyl radical anion caffeate 540 ± 20 (Jovanovic et 
aI, 1994) 
2-hydroxy phenoxyl radical anion 1 ,2-dihydroxy phenol 530 
(catechol) anion (Buettner, 1993) 
4-methylcatechol radical anion 4-methylcatechol anion 520 
(Jovanovic, et al 1995) 
a-tocopheroxy1 radical a-tocopherol 500 
(Buettner, 1993) 
480 ± 50 (Jovanovic, et 
al 1995) 
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(-)-epigallocatechin gallate phenoxyl (-)-epigallocatechin gallate di- 480 ± 40 (Jovanovic, et 
radical di-anion anion a11995) 
(-)-epigallocatechin phenoxyl radical anion (-)-epigallocatechin anion 440 
(Jovanovic et al,1997) 
430 
(Jovanovic, et al 1995) 
quercetin phenoxyl radical anion quercetin anion 330 
(Jovanovic et al,1996) 
ascorbate radical anion ascorbate mono-anion 282 ± 50 
(Buettner, 1993) 
300 ± 10 
(Steenken et aI, 1982) 
ferri-cytochrome c (Fe(III)) ferro-cytochrome c (Fe (II) ) 240 
(Buettner, 1993) 
ascorbate radical anion dehydroascorbate 
-174 (Buettner, 1993) 
Glutathione disulphide anion (GSSG ) Glutathione anion (2GSH ) 
-276 
(Jones et al,2000) 
Cyanidin 3-0-p-glucoside phenoxyl radical Cyanidin 3-0-p-glucoside -405 
anion anion (Amorini et aI, 2001) 
Fe(III)-bis-( epigallocatechin gallate) Fe(II)-bis-( epigallocatechin 
-690 
gallate) (Jovanovic et al,1998) 
glutathione glutathione radical anion 
-1500 (Buettner, I 993) 
Table 1.4 Selected Redox Couples and their Relative Electrode Potentials. 
Phenolics can serve as reducing agents, hydrogen donors, as well as chelating metals and 
singlet oxygen quenchers (Fig 1.6) ( Zanichelli et aI, 2005; D'iaz-Reinoso et aI, 2006; 
Aiyegoro and Okoh, 2009; Asgarirad et aI, 2010; Zheleva-Dimitrova et aI, 201O).The 
chemical properties of polyphenols in terms of the accessibility of the phenolic hydrogens 
as hydrogen donating radical scavengers predicts their antioxidant activity such as 
catechin and catechin gallate ester family( constituent of green and black teas), flavonols 
quercetin, kaempferol and their glycosides (present in red wine) (Rice-Evans et al,I996). 
Tea catechins can work as antioxidants by donating a hydrogen atom as an acceptor of 
free radicals, disrupting chain oxidation reactions or by chelating metals (Gramza et al 
2006; Weinreb et aI, 2007). 
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Fig. 1.6 Redox cycling and proposed mode of action of oleuropein inhibition (Zanichelli 
et aI, 2005). 
1.5 Vibrio 
The family Vibrionaceae includes the genera Vibrio, Aeromonas, Plesiomonas and 
Photobacterium. Vibrios are ubiquitous in the marine environment. Most require the 
supplementation with sodium chloride in their growth medium for their growth with the 
exception of Vibrio cholerae and Vibrio mimicus. There are 30 species in the genus 
Vibrio, of which 13 are pathogenic to humans like Vibrio cholerae, Vibrio fluvialis, 
Vibrio parahaemolyticus, Vibrio cholerae non-01 and Vibrio vulnificus. All of the 
pathogenic vibrios have been reported to cause food borne disease, among them Vibrio 
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cholerae 01, Vibrio parahaemolyticus and Vibrio vulnificus are considered the most 
significant agents (Drake et al, 2007). 
Vibrios are straight or curved Gram-negative, non sporeforming rods, 0.5 to 0.8 !Jm in 
width and 1.4 to 2.6 !Jm in length. They are motile by a single polar flagellum and are 
aerobic or facultatively anaerobic. Most of the species are oxidase and catalase positive 
and ferment glucose without producing gas. Vibrio vulnificus is phenotypically similar to 
Vibrio parahaemolyticus. The most distinctive characteristics of Vibrio vulnificus are 
the fermentation of lactose and production of p-D-galactosidase. These biochemical test 
help to distinguish between Vibrio vulnificus and Vibrio parahaemolyticus (Drake et aI, 
2007). 
Vibrio species are very important human pathogens in poorer countries where poor 
hygienic and sanitation conditions are more common. Unfortunately at the beginning of 
this new century, there are still many countries facing bad hygienic conditions due to the 
badly deteriorated and overloaded sanitation system such as in Pakistan where a large 
portion of population still do not have access to a clean drinking water free from 
pathogens and hazardous chemicals ( Jensen et aI, 2002). In such societies the threat of 
Vibrio cholerae and Vibrio cholerae non-Ol as well as other water borne infections is of 
great concern. 
Vibrio cholerae is the causative agent of Asiatic cholera. The current cholera pandemic is 
the seventh and disease is still endemic in many parts of world, where sanitation 
conditions are poor. It is primarily a water borne infection but food may also act as a 
vehicle (Sunderland et aI, 2002). This increasing spread of cholera in recent years reflects 
a lack of international quarantine enforcement by some countries, which also have 
primitive public water supplies and inadequate sanitary regulations, the international 
mobility of carriers in the world's population, and the rapid transport of contaminated 
food and water by ships and aircraft (Nevondo and Cloete, 2001). 
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Vibrio cholerae is classified on the basis of somatic antigens (0 antigens) into 60-70 
serovars (serotypes).The serovar 0: I includes all the strains responsible for the epidemic 
and endemic cholera and has two subtypes, Ogawa and Inaba; a third Hikojima has been 
reported rarely. These sUbtypes can be further distinguished into two biovars (biotypes), 
Classical and EI Tor (Rabbani et aI, 2003). 
In December, 1992, a large epidemic of cholera began in Bangladesh. The organism has 
been characterized as V. cholerae 0139 "Bengal". It is derived genetically from the EI 
Tor pandemic strain but has changed its antigenic structure such that there is no existing 
immunity and all ages, even in endemic areas, are susceptible. The epidemic has 
continued to spread and V. cholerae 0139 has affected at least II countries in southern 
Asia (Todar, 2009). 
The incubation period of cholera varies from 6 hours to as long as 3 days. Initial 
symptoms may be mild; the infection rapidly progresses to copious diarrhoea (rice water 
stools); with rapid loss of body fluids and salts, especially potassium. Fluid loss is up to 1 
litre/hour resulting in dehydration, hypotension and salt imbalance. Where treatment is 
unavailable, death may be rapid but recovery in 1-6 days is normal where rehydration and 
replacement of salts are possible (Sunderland et aI, 2002). In less severe cases, 
rehydration can be achieved by oral rehydration salts (ORS) (Rabbani et aI, 2003). 
Diarrhoea from Vibrio cholerae is the result of the secretion of an enterotoxin called 
choleragen that stimulates the activity of the enzyme adenyl ate cyclase, which converts 
ATP to cyclic AMP (cAMP). The cAMP stimulates the secretion of cr by cells of gut 
and inhibits the absorption of Na +, resulting in a copious fluid loss and an electrolyte 
imbalance (Volk and Wheeler, 1988). 
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There are many strains of Vibrio cholerae non-01 which are morphologically similar to 
Vibrio cholerae but do not agglutinate with Vibrio cholerae 01 antiserum. Some of the 
strains of Vibrio cholerae non-01 are known to produce enterotoxin, which cause 
diarrhoeal illness. In 1986 non-O 1 strains of Vibrio cholerae were reported to cause 
severe diarrhoea in Bangladesh with high rates of mortality. The reported clinical features 
included a range of symptoms besides diarrhoea and dehydration, such as abdominal 
pain, pyrexia, and bloody diarrhoea which are rarely present in 'typical' cases of cholera. 
(Rabbani et al, 2003). 
Vibrio parahaemolyticus is a marine bacterium primarily associated with coastal inshore 
waters rather than the open sea. It requires high N aCI concentration (optimally 3 %) in the 
medium for growth (Adams and Moss, 2008) and is more prevalent in summer months 
when water temperatures are higher. When water temperature was less than 20 D C the 
concentration of Vibrio parahaemolyticus in harvested oysters was 15 cfu/g but was 130 
cfu/g when temperatures were greater than 20DC (Miles et aI, 1997; Gooch et aI, 2002). 
So the sea food harvested from warm waters during summer may be contaminated by 
large numbers of vibrios, particularly in South East Asia (Shanson, 1999). 
Vibrio parahaemolyticus first identified by Japanese investigators in 1950 as a cause of 
food borne disease (Shelef, 1992). It causes food poisoning following ingestion of 
uncooked or partially cooked seafood, particularly shellfish and products subject to cross 
contamination. It is the most common agent of bacterial food poisoning in Japan (Volk 
and Wheeler, 1988; Adams and Moss, 2008) and is now known to be a significant cause 
of gastroenteritis throughout the world. In Britain, Vibrio parahaemolyticus related food 
poisoning is uncommon and 8-20 cases reported each year(Shanson, 1999). 
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Gastroenteritis is related with the consumption of contaminated sea food with viable 
count of 102 - 104 per gram of food. A minimum infectious dose ranges between 105 - 107 
cells. Heating at 60°C for 15 minutes kills the organism. Refrigeration cause a decrease 
in cell numbers but contaminated sea food like shell fish on consumption (raw) can 
cause the disease(Shelef, 1992). It has been observed that decontamination processes were 
not effective at removing V. parahaemolyticus from shellfish, so effective control of the 
organism should focus on keeping numbers low. Measures to ensure this consist of: cold 
chain maintenance «5°C) from harvest to consumer, minimizing delays between 
harvesting and landing, and avoiding further exposure to untreated seawater and soiled 
containers. Shellfish growing areas can also be monitored for the presence of pathogenic 
strains of Vibrio parahaemolyticus, with the closure of waters for harvesting if the levels 
of pathogens are too high. Seafood should be handled carefully to avoid cross 
contamination between raw and cooked product and avoiding temperature abuse is also 
very important (Nishibuchi, 2003; Sakazaki et aI, 2005; Nair et aI, 2006; Drake et 
al,2007). The best way of prevention is to eat only sea food that is well cooked (Volk et 
aI, 1996). 
Most strains isolated from the marine environment are non pathogenic. It is possible to 
distinguish pathogenic strains by their ability to produce a heat stable, extra-cellular 
haemolysin. This is known as the Kanagawa reaction and can be detected on 
Wagatsuma's agar which contains fresh human or rabbit blood cells. Food poioning 
strains are designated Kanagawa positive (Ka +); whereas 99% of environmental isolates 
are Kanagawa negative (Ka-) (lid a et aI, 2006; Adams and Moss, 2008). 
Vibrio parahaemolyticus causes a predominantly diarrhoeal syndrome with symptoms of 
diarrhoea, abdominal cramps and nausea. Vomiting and headache may be present. Onset 
is usually about 24 hours after consumption of the contaminated food and symptoms 
usually abate within 2-3 days. Death is rare (Fung, 1992; Tortora et aI, 2010). The 
30 
symptoms of Vibrio parahaemolyticus food poisoning are similar to those of 
salmonellosis but are more severe. It has been said that salmonellosis affects the abdomen 
of patient where Vibrio parahaemolyticus infection affects the stomach of patient (Fung, 
1992). Vibrio parahaemolyticus differs from Vibrio cholerae in being invasive and not 
producing a classic enterotoxin (Sunderland et aI, 2002). Two potential virulence factors 
have been identified: thermostable direct haemolysin (TDH) and TDH-related 
haemolysin (TRH). TDH positive strains are Ka + and are detected on Wagatsuma's agar 
but those that produce TRH may be Ka-. Either or both of these virulence genes, tdh or 
trh are present in pathogenic starins and differentiate pathogenic from non-pathogenic 
isolates (Faruque and Nair, 2006). 
Lipids and fatty acid composition in microorganisms are greatly influenced by the change 
in temperature and salinity of the growth medium which is reflected in the overall cell 
response like growth rate and other physiological functions (Nichols et aI, 2000).There 
has been a great interest shown in their lipid composition in relation to their response to 
growth at low or below the optimal temperature; as the lipids play a vital role in the 
structure of cytoplasmic membrane(Bhakoo and R. A. Herbert, 1979; D'Elia et aI, 2008). 
Beuchat and Worthington (1976) reported that growing Vibrio parahaemolyticus at 
different incubation temperatures (21°C, 29°C and 37°C) with different levels (0.5%, 
3.0% and 7.5%) of NaCI in growth medium (tryptic soy broth) and methyl esters of 
major phospholipid fatty acids extracted from cells were quantitated. The ratio of 
saturated to unsaturated fatty acids in cells grown at a given NaCl concentration 
increased with elevated incubation temperature. They also concluded that the thermal 
resistance was also increased with the elevated incubation temperature and concentration 
of NaCI (Beuchat and Worthington, 1976; Whitaker et aI, 2010). 
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Vibrio vulnificus nonnally lives in warm seawater and is halophilic. V. vulnificus can 
cause disease in those who eat contaminated seafood or have an open wound that is 
exposed to seawater. Among healthy people, ingestion of V. vulnificus can cause 
vomiting, diarrhoea, and abdominal pain. In immunocompromised persons, particularly 
those with chronic liver disease, V. vulnificus can infect the bloodstream, causing a severe 
and life-threatening illness characterized by fever and chills, decreased blood pressure 
(septic shock), and blistering skin lesions. V. vulnificus bloodstream infections are fatal 
about 50% of the time. V. vulnificus can cause an infection of the skin when open wounds 
are exposed to wann seawater; these infections may lead to skin breakdown and 
ulceration. Persons who are immunocompromised are at higher risk for invasion of the 
organism into the bloodstream and potentially fatal complications. Especially those 
people with chronic liver disease are at risk for V. vulnificus when they eat raw seafood, 
particularly oysters V. vulnificus infection is diagnosed by stool, wound, or blood 
cultures. If V. vulnificus is suspected, treatment should be initiated immediately because 
antibiotics improve survival. Aggressive attention should be given to the wound site; 
amputation of the infected limb is sometimes necessary. Prevention of infection includes: 
avoid eating raw oysters or raw shell fish, proper cooking of sea food; do not allow the 
cross contamination of sea food (Centre for Disease Control and prevention. USA, 2005; 
US FDA/CFSAN, 2008). 
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1.6 AIMS OF STUDY 
In Pakistani society the threat of Vibrio infections and other water borne infections are of 
great concern due to the lack of good hygienic and sanitation facilities (Jensen et aI, 
2002). Pakistan also blessed a long coastal belt in the Arabian Sea hence the sea food 
industry has a vital role in the national economy. In 2007, the European Union (EU) 
imposed a banned on the Pakistan's sea food export to EU due to deficiencies both at the 
harbour and processing units. As a result Pakistani sea food exports dropped by 30 
percent (Zuberi, 1986; Shah, 2011). Vibrio parahaemolyticus along with Vibrio cholerae 
and Vibrio cholerae non-OI are of major concerns for the Pakistan's economy and public 
health. Some previous studies have indicated a vulnerability of pathogenic Vibrios in tea 
and its polyphenols (Toda et aI, 1989; Taguri et aI, 2004; Friedman, 2007). But they used 
only one or two tea catechins against one or two of Vibrios. So for a better and clearer 
picture of the activity of tea catechins(EC, EGC, ECG and EGCG) and gallic acid (GA) 
against the Vibrio parahaemolyticus along with Vibrio cholerae and Vibrio cholerae non-
01, this study was designed. 
In addition, Pakistan is the third leading tea consumer nation in the world after the United 
Kingdom(UK) and Russia (Sabir,2004). Most of this is black tea although green tea is 
used but not at a large. 
The aims of the work were: 
1. To confirm the particular sensitivities of Vibrios to tea polyphenols. 
2. Determine the nature of the sensitivity and model the relationship between 
structure and activity in tea polyphenols. 
3. Investigate the mode of action of tea polyphenols against Vibrio species 
particularly the role oxidative reactions might play. 
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CHAPTER 2 MATERIALS AND METHODS 
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2. Materials and Method 
2.1 Organisms: 
Organisms used were Bacillus cereus NCTC 5901, Yersinia enterocolitica USCC 2797, 
Shigella sonnei USCC 2006, Salmonella Typhimurium CMCC 1792, Listeria 
monocytogenes NCTC 5105, Escherichia coli 0517 non toxigenic NCTC 12900, Vibrio 
parahaemolyticus ATCC 17802, Vibrio cholerae USCC 2100, Vibrio cholerae non-Ol 
USCC 2704, Staphylococcus aureus NCTC 6571. All cultures were taken from the Lab 
stock, University of Surrey. Environmental, clinical and reference strains of Vibrio 
parahaemolyticus were supplied by CEFAS, Weymouth, UK. Organisms were stored on 
glass beads and kept at -80De. Working organisms were resurrected from the beads and 
maintained on nutrient agar plates and slants at 4 DC (for Vibrio species 2%NaCI were 
also added in the medium). Cultures were Gram stained to check the purity of cultures. 
2.2 Preparation of Overnight broth culture: 
A loopful of culture was inoculated into Nutrient broth (For Vibrio species 2% NaCI 
were also added) and incubated (static )at 37DC overnight. A loopful of that culture was 
then transferred into fresh broth and incubated at 37DC overnight. 
2.3 Microbiological Media: 
All microbiological media were supplied by Oxoid (Basingstoke, Hampshire, UK) and 
prepared strictly according to the supplier's instruction. 
2.4 Materials: 
Green tea extract powder was supplied by Prof. Michael N. Clifford, Green Tea supplied; 
with thanks, by Tetley, UK; EGCG, ECG and EGC from Mr. Jacek, Unilever Beverages; 
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GTC, Unilever Colworth, Sharnbrook, Bedford, MK 44 1 LQ, UK; EC from Sigma-
Aldrich Inc., St.Louis. USA; Gallic acid from Arcos,USA. 
2.5 Preparation of Fresh Green Tea Extract: 
Fresh green tea extract was prepared using the green tea supplied by Tetley and stored in 
sealed bags at 4 0 C. Infusions were prepared by adding the 100m I of boiling reverse 
osmosis (RO) water to 10 gms of tea in a pre-warmed thermos flask. It was left to stand 
for 10 minutes with regular inversions every 10 seconds, and then filtered through cotton 
wool. The filtrate was filter sterilised by using 0.22 11m membrane filter and stored in 
universal bottle covered with aluminium foil (to exclude light) at 4 0 C for a maximum of 
2 weeks. Before using the extract it was placed in an incubator at 37 0 C for 15 minutes. 
2.6 Preparation of Green Tea Extract (Powder): 
Two hundred and fifty mgs of green tea extract powder were dissolved in 5mls R.O water 
and filter sterilized. The stock solution was diluted to achieve the 50mg/ml, 40mg/ml, 
30mg/ml, 20 mg/ml and 10 mg/ml concentration of green tea used. 
2.7 Preparation of purified catechins and gallic acid 
Catechins were dissolved in nutrient broth + 2% NaCI to the desired concentration & 
required volume and filtered through a 0.2211m filter (Millipore). For hole in plate assays, 
solutions were prepared in sterile RO water instead of nutrient broth and followed the 
same procedure. The molecular weights of the catechins used in calculations were 
epicatechin 290, epigallocatechin 306, epicatechin gallate 442 and epigallocatechin 
gallate 458 (Juneja et al ,2000; Vuong et al ,2010). 
Gallic acid (0.11286 g. ) was dissolved in double strength nutrient broth no.2 (2.5 gm in 
50 ml sterilised R.O with 4 gm NaCl). To this 20mM solution of gallic acid 30ml of 
sterilised RO was added to prepare 60ml of lOmM gallic acid which was filtered through 
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a O.22)1m filter. To prepare neutralised gallic acid, 30 ml of the 20mM gallic acid was 
added to 30 ml of 20mM NaOH to make 60 ml of lOmM gallic acid (neutralised) and 
filtered sterilised. For hole in the plate assay, gallic acid solutions were prepared in sterile 
R.O water instead of nutrient broth (n02) and the same procedure followed as in 2.8.1. 
2.8 Antimicrobial activity of Green Tea 
2.8.1 Hole in the plate assay using green tea extract (powder) and fresh green tea 
extract 
An overnight culture was enumerated using the Miles and Misra technique on a decimal 
dilution series in Maximum Recovery Diluent 
One m) of overnight broth culture was added and mixed with 50 ml of molten nutrient 
agar, at approximately 48-50 0 C. For Vibrio species 2%NaCl was also added. Poured 
plates were allowed to set and placed at 4 0 C for Ihour, to facilitate the well cutting. 
Wells 7-9mm diameters were cut using a sterile stainless steel cork borer. 
In each well 100)11 of GT extract (different concentrations prepared from the green tea 
powder and fresh green tea extract) were added and sterilised R.O water was used as a 
control. Plates were incubated overnight at 37 0 C and zones of inhibition were measured. 
The measurements was performed in duplicate or triplicate and replicate experiments 
were performed. 
2.8.2 Minimum inhibitory concentration (MIC) of green tea extract (fresh and 
powder) 
The MICs of green tea extracts (GTE) against the Vibrio cholerae, Vibrio 
parahaemolyticus, and Vibrio cholerae non-Ol were determined in duplicate. An 
overnight broth culture was inoculated (10)11 of a lO-1 dilution) into tubes of nutirient 
broth containing different concentrations (from 1 % to 0.01 %) of green tea extract (fresh 
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and powder). The tubes were incubated (static) aerobically at 37°C overnight and the 
MIC determined on the basis of turbiditiy. Six drops (6 x 0.02 m!) of 10° and 10-1 
dilutions of tubes showing no growth were inoculated on to nutrient agar +2%NaCI plates 
in duplicate to determine whether the concentration was bacteriostatic or bacteriocidal. 
Nutrient broth +2% NaCI + overnight culture without GTE was used as a positive 
control. 
2.9 Composition of Green Tea Extract using liquid chromatography/mass 
spectrometry (LCIMS) 
Green tea extract (GTE) was subjected to the Liquid chromatographylMass spectrometry 
(LCIMS). LCIMS is a combination of two techniques High Pressure Liquid 
chromatography (HPLC) and Mass spectrometry. The LC equipment (ThermoFinnigan) 
comprised a surveyor MS Pump, auto sampler with 30 /11 loop and a PDA detector with a 
light pipe flow cell (recording at 320, 280 and 254 nm, and scanning from 200 to 
600nm). This was interfaced with an LCQ Deca XP Plus mass spectrometer fitted with an 
ESI source (ThermoFinnigan) operating in a data dependent, full scan, MSn mode to 
obtain fragment ions mlz. The total current ion used was between 120-800 mlz. 
For GTE analysis wavelength of mass spectrum was 280 nm. The flow rate of the sample 
was 0.3 ml Iminute and it is 30 minute method. The volume of sample injected in mass 
spectrometer was 30/11. GTEs were injected on to a reversed phase C I8 HPLC column 
and the phenolics eluted using mobile phase gradients optimised to resolve catechin 
derivatives. After the sample had been injected into the column, the individual 
compounds elute from the column depending on the mix of solvents A and B (A 2% 
acetonitrile in aqueous+0.5% acetic acid: B 99.5% acetonitlie+0.5% acetic acid). 
Initially the eluent was largely aqueous (90%A, 10% B) so the most hydrophilic 
compounds were eluted first. As the percentage of organic solution B increased then the 
more hydrophobic compounds eluted and entered the mass spectrometer. The mass 
spectrometer can be broken down into three main parts: source (ESI source), mass 
analyser (3D quadrupole ion trap mass analyser) and detector. The source ionises the 
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sample thereby creating gaseous ions that can enter the mass analyser. The mass analyser 
separates the ions based on their mass to charge ratio and then ions are recorded by the 
detector. In this way the qualitative (identification using MS) and quantitative 
(measurement using UV) can be done using LCIMS. To carry out the analysis of GTE for 
composition of EGCG, EGC, ECG and EC, nine samples of 10% Green tea extract were 
prepared and diluted 1 :30. For standards (EGCG, EGC, ECG and EC); 10mM solutions 
were prepared and diluted for analysis. 
2.10 MICs of tea catechins (EGCG, ECG, EGC ,EC and GA) 
The MICs of EGCG, ECG, EGC and EC against the Vibrio cholerae, Vibrio cholerae 
non-Ot and Vibrio parahaemolyticus were performed in triplicate as follows: 
Ten III of an overnight culture (10-1 dilution) was inoculated into tubes containing 
different concentrations of the test compound (l0 , 5 , 1, 0.5 0.25 and 0.1 mM) in 
nutrient broth with 2% NaCl . Nutrient broth with 2% NaCl without any test compound 
was used as positive control. 
The tubes were incubated (static) aerobically at 37°C overnight before recording the 
MIC. Six drops (0.02 ml) of 10° and 10-1 dilutions of tubes showing no growth were 
inoculated on to nutrient agar +2%NaCl plates in duplicate to determine whether the 
concentration was bacteriostatic or bacteriocidal. 
The MIC of neutralised gallic acid (pH 5.38-5.40) against Vibrio parahaemolyticus was 
also performed in triplicate. 
The MIC of EGCG against various strains of Vibrio parahaemolyticus were also 
performed in triplicate. 
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2.11 Hole in the Plate Assay using fresh green tea extract, EGCG, EGC, ECG, 
EC, gallic acid and neutralised gallic acid under aerobic and anaerobic conditions 
The same procedure was followed for measuring the zone of inhibition as was used in 
2.8.1. To each welllOO,..tl green tea extract(1O%,5% and 1 %), EGCG, EGC, ECG, EC , 
neutralised Gallic acid (pH 5.38-5.40) and gallic acid pH 3.36-3.38) concentrations of (10 
mM, 5 mM and 1 mM) were added. Sterilised R.O water was used as control. Plates were 
incubated overnight at 37 ° C under aerobic and anaerobic conditions. Zones of inhibition 
were measured by doing the experiment in triplicate and calculating their mean. For fresh 
green tea extract, gallic acid and neutralised gallic acid, experiments were done in 
triplicate. Anaerobic conditions were generated using Anaerogen (Oxoid) sachet in the 
airtight jars at 37°C. Cultures were examined after 48 hours growth rather than the 24 
hours used for aerobic cultures. 
2.11.1 Data Analysis 
The significance of differences in means was determined using the Student's t- test 
(Microsoft Excel). Values of P < 0.05 considered as significant. 
2.12 The overlay Technique were using base layer peptone water agar (PW A) + 
0.5 % tryptone for measuring zone of inhibition 
A paper disc to which 20 /-II of test solution (40 mM, 20 mM EGCG, 15% fresh green 
tea extract) or sterile R.O water (as a control) were placed on a base layer of PWA 
(prepared by using 1 % Agar No 1) +0.5% tryptone. Plates were incubated either 
aerobically or anaerobically overnight at 30°C .These were then overlaid with nutrient 
agar + 2% NaCI + 0.5% tryptone containing 200 /-II of overnight culture of Vibrio 
parahaemolyticus. Plates (5) were then incubated aerobically overnight and 
anaerobically for 48 hours at 37°C and zone of inhibition was recorded. 
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2.12.1 The overlay technique incorporating catalase 
The same procedure was followed as in 2.12 above. However, after overnight incubation 
the plates were spread with catalase 26S IV/ml (l00 /11) or water (lOOul) as control. 
These were then overlaid with nutrient agar + 2% NaCl + O.S% tryptone containing 200 
/11 of overnight culture of Vibrio parahaemolyticus. Plates (triplicate) were then 
incubated aerobically overnight at 37°C and zone of inhibition were recorded. 
2.12.2 Overlay Technique using different incubation conditions for base layer 
Similarly, another procedure was developed using overlay technique as described in 
2.12 with different incubation conditions for base layer as follows: 
Base layer anaerobic/ Overlay anaerobic 
Base layer aerobic/ Overlay anaerobic 
Base layer aerobic! Overlay aerobic 
2.12.3 Data Analysis 
The significance of differences in means was determined using the Student's t- test 
(Microsoft Excel). Values ofP < O.OS considered as significant. 
2.13 Antioxidant activity of tea components 
2.13.1 Measuring antioxidant activity of purified catechins using linoleic acid 
system 
The standard Ferric thiocyanate (FTC) method described by Kikuzaki and Nakatani ,1993 
was used. A mixture of 4ml of 2mM EGCG (EGC, ECG or EC) along with 4.1 ml of 
2.S1 % Linoleic Acid in 99.S% ethanol, 8 ml of O.OSM phosphate buffer (pH 7)and 3.9 ml 
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milliQ water were added in a screw cap vial. Vortex the mixture for 5 seconds and placed 
it under dark in oven (40°C). To measure the extent of antioxidant activity, 0.1 ml of the 
reaction mixture (in triplicate) were taken at different time intervals (0, 2, 4 and 6 hrs) 
and was added 9.7 ml of 75% (v Iv) aqueous ethanol, followed by 0.1 ml of 30 % 
aqueous ammonium thiocyanate and 0.1 ml of 0.02M ferrous chloride in 3.5 % 
Hydrochloric acid (HCl) and vortex for 5 seconds. Precisely after 3 minutes, the 
absorbance of red colour was measured at 500nm. Zero the spectrometer by 0.05M 
Phospahte buffer (pH 7). The mixture without purified catechin was used as negative 
control. Experiment was done in triplicate and also repeated to ensure the results. 
2.13.1 a) Linoleic Acid (2.51 %) in absolute ethanol: 
Two fifty one III of Linoleic acid was added in 10 ml absolute ethanol. Linoleic acid was 
divided in the aliquots of 1 ml in eppindorf tube and stored at -20°C .Eppindorf tube was 
purged with the nitrogen gas for 10 seconds. 
2.13.1 b) Phospahte buffer (O.05M ,pH 7): 
3.4023 gm Potassium di-hydrogen ortho phosphate(BDH,Poole,England) was added in 
500 ml milliQ water; MW 136.09. pH was adjusted with 2M NaOH or 1M HCl. 
2.13.1 c) Ethanol (75%): 
Absolute ethanol 75.38 ml was poured in to 100 ml volumetric flask and was made up 
the volume up to 100ml with milliQ water. 
2.13.1 d) Ferrous Chloride (O.02M) in 3.5% HCl: 
0.3976 gm of Ferrous Chloride tetrahydrate (Sigma Aldrich chemie,GmbH, P.O 
1120,89552.Steinheim,Germany) was added in Ilml concentrated HCl (analytical 
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grade, Fisher scientific) then made it to 100mi with milliQ water in volumetric 
flask(always prepared freshly for the experiment). 
2.13.1 e) Ammonium thiocyanate(30%): 
7.5 gm of Ammonium thiocyanate(analytical grade reagent, Fisher Scientific limited, 
England )was added in 25 ml of Milli Q Water. 
2.13.10 HCI3.5%: 
9.72 ml of 36% HCI (analytical grade,Fisher scientific) was added in volumetric flask 
and made up the volume up to 100mI. 
2.13.1 g) 50mM concentration of EGCGIEGCIECGIEC in absolute ethanol for 
antioxidant activity 
EGCGIEGCIECGIEC was dissolved into absolute ethanol in *50 mM cone. 
I 
t 
I ml + 24 ml (absolute ethanol) = 25 ml of 2 mM EGCGIEGCIECGIEC 
*50mMEGCG= 229mg/l0 ml 
*50mMEGC = I 53mg/l0 ml 
*50 mM ECG = 221mg/l0 ml 
*50mMEC = 145mg/l0 ml 
2.13.2 Antioxidative assay using sunflower oil: 
The peroxide value (PV) determination method was based on the fact that the organic 
peroxides produced in the course of development of oxidative rancidity and these 
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organic peroxides in return were oxidised the iodine, that can be titrated against sodium 
thiosulphate. For determining the PV in presence of antioxidant in Sun flower oil; 25 ml 
of Test sample oil with 2mM purified catechin(EGC, ECG, EC or EGCG) and control 
(24ml sunflower oil + Iml methanol) were placed in petri plates and exposed it to the 254 
nm UV source. Blank (25ml sun flower oil only) was kept at room temperature and 
covered with lid and protect from the light by covering it with aluminium foil. Take Iml 
(0.89 gm was weighed) of sample in DUPLICATE and poured into 250ml conical flask 
at different time interval (0, 2, 4 and 6 hours).Glacial Acetic acid (15 ml)-chloroform 
(10ml)in ratio (3:2) were mixed and swirl flask to dissolved oil.1 ml of freshly prepared 
saturated potassium iodide (1.5 gmlml MilliQ water) was added to flask. Stirred the 
solution for 1 minute and kept in dark for Imin.Then added the milliQ water (75 ml), 
followed by the addition of 1 ml starch solution as indicator and blue colour developed. 
The solution was titrated with 0.002N sodium thiosulphate in burette until blue colour 
completely decolourised. Same procedure followed for the blank and controls. 
Experiment was done in duplicate and replicates the experiment. 
2.13.2 a) O.lN Sodium thiosulphate (volumetric concentrate solution) 
O.1N sodium thiosulphate volumetric concentrate solution (Fisher chemicals, Fisher 
scientific limited, Bishop Meadow Road,Loughborough,Leicestershire,LEll 5RG,UK.) 
was poured in 1000ml volumetric flask and made up the volume to the mark with milliQ 
water. Mix well, then 10 ml of O.1N sodium thiosulphate was transferred in volumetric 
flask and madeup the volume up to mark of 500ml with milliQ water for required 
0.002N sodium thiosulphate(always freshly prepared for the experiment). 
2.13.2 b) Saturated Potassium iodide solution 
Saturated solution of Potassium iodide (1.5gmlml),( analytical grade from Fisher 
chemicals, Fisher scientific limited, Bishop Meadow Road, Loughborough, and 
Leicestershire, LEI 1 5RG, UK)was freshly prepared in milliQ water. Cover the conical 
flask with aluminium foil to avoid the light contact. 
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2.13.2 c) Starch indicator solution 
1.0006 gm soluble starch granule (Fisher chemicals, Fisher scientific limited, Bishop 
Meadow Road, Loughborough, and Leicestershire, LEI 1 5RG, UK) was added in 10mi 
milliQ water and mix it. 50 ml of boiling water was added to that mixture and mix 
thoroughly. Solution was allowed to cool and transferred to 100mi volumetric flask 
madeup the volume up to mark using milliQ water and mixed well. 
2.13.2 d) SOmM concentration of EGCGIEGCIECGIEC in methanol for 
antioxidant activity 
EGCGIEGCIECGIEC was dissolved into methanol in *50 mM cone. 
1 
t 
1 ml + 24 ml (sunflower oil) = 25 ml of 2 mM EGCGIEGCIECGIEC 
*50 mM EGCG = 
*50mMEGC = 
*50mMECG = 
*50mMEC = 
2.13.2 e) PRECAUTIONS 
229mg/IO ml 
153mg/l0 ml 
221mg/l0 ml 
145mg/1O ml 
During sample collection, SHUT the UV lamp. After sample collection, was kept UV 
lamp at ON position for the entire period of experiment. 
A void the direct naked eye contact with the UV as it may cause the blindness. 
Carried out the mixing of glacial acetic acid and chloroform in fume hood. 
45 
Do not discard the glacial Acetic acid-chloroform in sink. Use the separate Chlorinated 
solvent waste bottles. 
Glacial Acetic acid-chloroform is very corrosive, wear gloves and eye protection when 
handling. 
2.14 Effect of Storage on the antimicrobial activity of Fresh Green Tea extract 
andEGCG 
2.14.1 Effect of Storage on the Fresh Green Tea extracts (10%, 5%, and 1 %) using 
the Hole in the plate Assay: 
10% green tea extract was distributed in to 1.5ml aliquots and stored at 4°C. From this 
10% green tea extract solutions of 5% and 1 % were prepared. These aliquots were then 
placed at 37°C for 15 minutes to mix them properly. 
To assess activity the same procedure was followed as to the Hole in the Plate Assay 
described in 2.8.1. In each well 100,..tl a different concentration of fresh green tea extract 
was prepared and these were inoculated in triplicate. Sterilised R.O water used as control. 
Plates were incubated overnight at 37°C aerobically and zones of inhibition were 
measured. The measurements were performed in triplicate. These tests were carried out 
till the 64 days of storage and samples taken at 2,8, 15,20,27, 49and 64. 
2.14.2 Effect of Storage on the Green tea catechin, EGCG (10mM, 5mM and ImM) 
using the Hole in the plate Assay: 
10mM EGCG was distributed to 1.5ml aliquots and stored at 4°C. From this 10mM 
EGCG solutions of 5mM and ImM were prepared. These aliquots were then placed at 
37°C for 15 minutes to mix them properly. 
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Same procedure followed as in 2.14.1. dissolve the EGCG. Sterilised nutrient broth 
+2%NaCI used as control. 
2.15 Survival of organisms in presence of purified catechins 
2.15.1 Survival of Vibrio parahaemolyticus and Vibrio cholerae in the presence of 
2mM EGCG 12mM ECG 
The overnight (18 hours) broth culture in nutrient broth with 2%NaCI was incubated 
(static) at 37°C and was enumerated by spread plate. 
2mM EGCG / 2mM ECG containing nutrient broth + 2% NaCI (18 ml) was inoculated 
with 2 ml of an overnight (18 hours) culture. The mixture was incubated at 37°C and was 
enumerated periodically after 10, 20, 30, 60, 120,240 and 1440 minutes. The 
experiments were done in duplicate and also repeated. 
2.16 Survival of Vibrio parahaemolyticus in various concentrations of EGCG 
2.16.1 Survival of Vibrio parahaemolyticus in O.5mM, ImM and 3mM EGCG 
Setup the overnight (18 hours) broth culture in nutrient broth with 2%NaCI was 
incubated (static) at 37°C and was enumerated by spread plate. 
Two ml of overnight (18 hour) culture was added in 18 ml of various concentrations 
(O.SmM, 1mM and 3mM) of EGCG containing nutrient broth +2% NaCl. For control, 
2ml of overnight (18 hour) culture was added in 18ml nutrient broth along with 2%NaCI. 
The mixture was incubated at 37°C and enumerated periodically after 10,20,30,60, 120, 
240 and 1440 minutes. For survival of organism in Test, neat sample along with 10 -I to 
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10 -6 were used by spreading 100/11 in duplicate. 10 -4 to 10 -6 dilutions were used for 
enumeration in control. The experiments were done in duplicates and also repeated. 
2.16.2 Data analysis 
Analysis of data performed using Dynamic modelling fit (DMFit) Baranyi and Robert 
model of no lag phase(http://modelling.combase.cc/DMFit.aspx). Data points from the 
0.5mM, ImM, 2mM, 3mM EGCG and zero concentration of EGCG i.e nutrient broth 
along with 2% NaCI containing culture were used. Using these data, the maximum death 
rate plotted against EGCG concentration. 
2.17 Interaction of EGCG with Vibrio parahaemolyticus cells 
2.17.1 Adsorption/absorption of ImM EGCG,2mM EGCG and 3mM EGCG to 
cells of Vibrio parahaemolyticus using colorimetric method 
Standards of EGCG (0.025mg/ml, 0.05 mg/ml, O.1mg/ml, 0.2 mg/ml and 0.3 mg/ml) in 
nutrient broth +2% NaC] were prepared for standard curve and absorbance measured at 
750nm. 100/1] of sample was added to freshly prepared 1000/11 of Folin-Ciocalteu's 
reagent (1:9 in milliQ water).The mixture was vortexed and allowed to stand for 20 
minutes at room temperature. Absorbance was measured in duplicate and used for 
plotting the standard curve. 
Six ml of an overnight (18 hours) culture was added to 54 ml of various concentrations 
(lmM,2mM and 3mM) of EGCG containing nutrient broth + 2% NaCl. For the control, 
6m] of overnight (18 hours) culture was added to 54ml nutrient broth with 2%NaCl. The 
mixture was incubated at 37°C and enumerated periodically at 10,20,30,60, 120,240 
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and 1440 minutes as O.1ml spread plates. The experiment was done in duplicate and also 
repeated. 
For finding the amount of the EGCG adsorbed/ absorbed to the cells in the medium, 
sample was taken from 'Test' at 10,20,30,60, 120,240 and 1440 minutes. The sample 
was filtered using O.22/Jm filter. 100/Jl of filtrate added to freshly prepared 1000 /Jl of 
Folin-Ciocalteu's reagent (1:9 in milliQ water).Where as for 2mM and 3mM 
concentration,10 /Jl of filtrate was taken and added to 90 /Jl of nutrient broth +2% NaCI 
to dilute it and that diluted filtrate was added to freshly added to Folin-Ciocalteu's 
reagent. The mixture was vortexed and allowed to stand for 20 minutes at room 
temperature. The tubes were centrifuged at 14500 rpmfor 60 seconds. Take the reading 
(in duplicate) at 750nm using the uv spectrometer, using nutrient broth +2% NaCI as 
blank to adjust the zero. Same procedure followed for 'Control'. This was done in 
duplicate and the experiment repeated. 
2.18 Effect of EGCG on cell permeability in Vibrio parahaemolyticus 
2.18.1 A TP release from Vibrio parahaemolyticus in medium containing 2mM 
EGCG using bioluminescence assay 
Two ml of an overnight (18 hours) culture was added to 2mM EGCG containing nutrient 
broth with 2%NaCI (18 ml) and was incubated in the water bath at 30°C. Monitor ATP in 
filtrate in broth using ultra snap A TP test swab with system SURE II luminometer 
periodically at 5, 15,25,35,45 and 60 minutes. For the control, 2ml of overnight (18 
hours) culture was added to 18ml nutrient broth with 2%NaCl. The experiment was done 
in duplicate and also repeated. 
Monitor the ATP in filtrate by using 0.22 /Jm filter and 10 /Jl filterate was transferred on 
ultra snap ATP test swab. To activate the device was hold the swab tube firmly and used 
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the thumb and finger to break the snap valve by bending the bulb toward and forward. 
The bulb was squeezed twice, expelling all liquid down the swab shaft. The swab bud 
was bathed in liquid by gently shaking 5-10 seconds. The ultrasnap device was inserted 
into system SUREII luminometer. Closed the lid and read the results by pressing 'OK'. 
Results should be read with in one minute of activation. 
The sample was enumerated periodically at 10, 20, 30 and 60 minutes as O.lml spread 
plates. The experiment was done in duplicate and also repeated. 
2.19 Effect of cell membrane composition on sensitivity of EGCG 
2.19.1 Growing cells at different temperatures using thermoblock 
The thermoblock is a temperature gradient incubator. It consists of an aluminium block 
which has holes drilled along its length to accommodate culture tubes and tubes 
containing thermometer. By maintaining the ends of the block at different temperatures a 
temperature gradient is set up along the length of the block (Fig 2.1). 
The growth curve of Vibrio parahaemolyticus was observed at different temperature 
range of 0-45°C in the thermoblock. The tubes containing nutrient broth with 2%NaCI 
were kept in the instrument before the inoculation of overnight (18 hours) culture, so all 
the tubes were at desired temperature. 20 III of culture were inoculated in 'Test' whereas 
the 'Control' tube contains only nutrient broth with 2%NaCI. 'Blank' was consisted of 
nutrient broth with 2%NaCI and used to adjust the zero in UV spectrometer (Shimadzu) 
at 600nm. The results were recorded in duplicate. 
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Fig 2.1 The thermoblock is a temperature gradient incubator. It consists of an alurninium 
block which has holes drill ed along its length to accommodate culture tubes and tubes 
containing thermometer. By maintaining the ends of the block at diffe rent temperatures a 
temperature gradient is set up along the length of the block. 
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2.19.2 Activity to analyze the effect of temp of overnight incubation on membrane 
composition of culture at ISoC and 37°C 
The overnight (18 hours) broth culture in nutrient broth with 2%NaCI and was incubated 
at 37°C and at 15°C. To acclimatise the cells after 18 hours they were transferred to fresh 
broth and inoculated for a further 23 hours at 37°C and 15°C. The broth culture(37°C and 
15°C) were enumerated as O.lml spread plate and incubated at 37°C. 
Six ml of overnight (23 hours) culture at 15°C was added to 54 ml of ImM EGCG 
containing nutrient broth +2% NaCl. For control, 6ml of overnight (23 hours) culture was 
added to 54ml nutrient broth with 2%NaCl. The mixture was incubated at 37°C and 
enumerated periodically at 30,60 and 120 minutes as O.lml spread plate. The experiment 
was done in duplicate and also repeated. Same procedure was followed for the overnight 
culture grown at 37 DC. 
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CHAPTER 3 RESULTS 
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3. Results 
3.1 Antimicrobial activity of Green Tea 
3.1.1 The use of the Hole in the Plate Assay to determine the activity Green Tea 
Extract (Powder) against a variety of bacteria: 
The antimicrobial activity of green tea extract was measured using the hole in the plate 
assay. Zones of inhibition were measured in duplicate or triplicate experiments and their 
means are shown in Figures 3.1 and 3.2. 
Green tea extract at concentrations of ] %, 2%, 3%, 4% and 5% (w/v) was found to be 
effective against the Vibrio cholerae, Vibrio cholerae non-O l, Vibrio parahaemolyticus, 
Staphylococcus aureus and Bacillus cereus, (Fig 3.1) while only 4% and 5% were 
effective against Listeria monocytogenes (Fig 3.2). 
25 
Zone of Inhibiti on (mm) 15 
Conccnlrfltioll of gree n lea ('Xtrllc l (mg/lIIl ) 
Organi sms 
\lj/,,;o Imm/Ull' lII o iyriclIs 
Fig 3.1 Antimicrobial activity of green tea extract powder against various organisms 
(Data points are the mean of a total of 2 or 3 measurements made. Standard error (SE) for 
organisms tested was between 0.5- J .5mm). 
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In contrast, the Enterobacteriaceae tested, E.coli 0157(non toxigenic), Salmonella 
Typhimurium, Shigella sonnei and Yersinia enterocolitica showed no sensitivity to GTE 
at the concentrations llsed (Fig 3.2). 
Zone oflnhibition (fIllll ) 
Conccnlrnlion of J.;rcc n len extract (lllg/lIIl) 
Orgnnis ms 
)'('r.r;"iOl'lIrt!m m lirico 
Shigellli sO li/wi 
Fig 3.2 Antimicrobial activity of green tea extract powder against various organisms 
(Data points are the mean of a total of 2 or 3 measurements made.Standard error (SE) for 
organisms tested was between 0-0.29 mm). 
3.1.2 Inhibition of Vibrio species using Hole in the Plate Assay lIsing Fresh Green 
Tea Extract 
Fresh Green Tea Extract (10%, 5% and 1 %) was prepared. These concentrations were 
found to be effective against the Vibrio cholerae, Vibrio parahaemoiyticus, and Vibrio 
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cholerae non-Ol (Table 3.1). Among the tested Vibrio species, the order of sensitivity to 
fresh green tea extract was Vibrio cholerae non-Ok Vibrio cholerae< Vibrio 
parahaemolyticus. Vibrio parahaemolyticus was the most sensitive to the fresh green tea 
extract and gave rise to a 23.1 mm (average) zone of clearing when 10% fresh green tea 
extract was used. 
Cultures Concentration of Fresh Green Tea Extract 
10% 5% 1% 
Vibrio cholerae 21.8 
Vibrio cholerae non-01 17.6 
Vibrio 
parahaemolyticus 23.1 
18.8 14.3 
14.6 9.9 
20.5 16.7 
Table 3.1- Zone of Inhibition (diameter in mm) on nutrient agar + 2%NaCl with Fresh 
Green Tea Extract (Values are the means of three replicates in duplicate experiments, 
n=6). 
3.1.3 Minimum Inhibitory Concentrations (MIC) of Green Tea Extract (Fresh 
and Powder) 
The MICs of the green tea extract powder and fresh green tea extract were determined 
against the same three vibrios (Table 3.2). As with the hole in plate assays, Vibrio 
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parahaemolyticus found to be more sensitive to GTE (Fresh and Powder) than Vibrio 
cholerae and Vibrio cholerae non-O!. 
Organisms Replicates 
1 2 3 4 5 6 7 
Vibrio parahaemolyticus *0.1 *0.04 0.07 0.06 0.1 0.04 0.06 
8 
0.07 
Vibrio cholerae non-01 *0.06 0 0.15 0.15 0.1 0 0.15 0.15 
Vibrio cholerae *0.05 0.1 0.15 0.1 0.05 0.1 0.15 0.1 
Key: * = GTE (Powder) 
Table 3.2- MIC values of green tea extract determined in static incubation ofNB+2% 
salt at 37 °C(fresh and powder, % w/v in 8 replicate experiments). 
In addition to determining the MIC value, these experiments were also used to determine 
the level at which GTE is bactericidal rather than bacteristatic. For both extracts >0.07% 
w/v was found to be bactericidal for Vibrio parahaemolyticus, while higher 
concentrations were found to be bactericidal for Vibrio cholerae and Vibrio cholerae 
non-Ol (>0.10% and >0.15% respectively). 
3.2 Determination of the composition of Green Tea Extract using liquid 
chromatography/mass spectrometry (LCIMS) 
Green tea extract (GTE) is a complex mixture of compounds so to determine the relative 
importance of individual components it was first necessary to analyse the GTE. To do 
this, GTE was subjected to the liquid chromatography/mass spectrometry (LCIMS). 
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LCIMS is a combination of two techniques high performance liquid chromatography 
(HPLC) and mass spectrometry. The HPLC equipment (Thermo Finnigan) was interfaced 
with an LCQ Deca XP Plus mass spectrometer (ThermoFinnigan) (Clifford et aI, 2003). 
GTEs were injected on to a reversed phase CI8 HPLC column and the phenolics eluted 
using mobile phase gradients optimised to resolve catechin derivatives. After the sample 
had been injected into the column, the individual compounds elute from the column 
depending on the mix of solvents A and B (A 2% acetonitrile in aqueous+0.5% acetic 
acid: B 99.5% acetonitlie+0.5% acetic acid). Initially the eluent was largely aqueous 
(90%A, 10% B) so the most hydrophilic compounds were eluted first. As the percentage 
of organic solution B increased then the more hydrophobic compounds eluted and entered 
the mass spectrometer. The mass spectrometer can be broken down into three main parts: 
source (ESI source), mass analyser (3D quadrupole ion trap mass analyser) and detector. 
The source ionises the sample thereby creating gaseous ions that can enter the mass 
analyser. The mass analyser separates the ions based on their mass to charge ratio and 
then ions are recorded by the detector. In this way the qualitative (identification using 
MS) and quantitative (measurement using UV) can be done using LCIMS. 
Compounds identified on the basis of their retention time, absorbance spectrum and MS 
fragmentation pattern (Del Rio et aI, 2004). Many studies of tea phenolics using LCIMS 
have been conducted and have reported the detection of more than 50 components in a 
single chromatographic run (Lin et aI, 2008). They also found the green tea catechins 
(GTC) i.e. epicatechin (EC), epicatechin gallate (ECG), epigallocatechin (EGC) and 
epigallocatechin gallate (EGCG) as important components in green tea (Del Rio et aI, 
2004). 
To estimate the concentration of the tea catechins in fresh green tea extract samples were 
analysed. For GTE analysis the wavelength of UV analysis was 280nm. For the 
estimation of green tea catechins in GTE, the chromatograms of extracted ions at 200-
800m/z were used. The concentration of compounds in the GTE was calculated based on 
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the traces obtained (Fig 3.3) and standard curves prepared for EGCG, EGC, ECG and 
EC (Fig 3.4-3 .7). The results are presented in Table 3.3 . 
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Fig 3.3- UV chromatogram (top window),total ion current (middle window) and mass 
spectrum chromatogram (bottom window) of aqueous green tea extract separated on C-lS 
Reverse Phase column. 
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Concentrations Peak Area of Standards at 280nm UV 
uM EGC EC EGCG ECG 
25 71171 265088 467561 569675 
50 141162 520100 952061 1181711 
100 311713 1200038 2226293 2892177 
200 556750 2324618 4478030 5709533 
400 1213830 4758810 9414973 11850634 
600 1702623 6855055 15246148 19332249 
800 2236643 8589649 19222136 24445528 
Table 3.3 Peak areas of Standards at 280nm UV. Peak area used to draw the standard 
curve ofEGCG, EGC, ECG and EC. 
Green Tea Sample 
EGC 
EGCG 
EC 
ECG 
Concentration(mM) 
15.6 
10.3 
3.6 
2.8 
Standard deviation 
0.746 
0.6 
0.18 
0.15 
Table 3.4- Composition of green tea sample (n=9 sample analysed and the mean 
composition of EGCG, ECG, EGC and EC have been reported). 
3.3 Inhibition of Vibrios by purified tea catechins (EGCG, ECG, EGC, EC and 
neutralised GA) 
Using concentrations similar to their levels in GTE, purified tea catechins (EGCG, ECG, 
EGC and EC) were tested for their MIC against Vibrio parahaemolyticus, Vibrio 
cholerae non-Ol and Vibrio cholerae. Neutralised gallic acid (GA) was also tested 
against Vibrio parahaemolyticus (Table 3.5). EGCG showed the best antibacterial 
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activity of the catechins tested, EC was the least effective. The order of effectiveness of 
the tested catechins was EGCG > ECG ;::; EGC ;::; GA > Ee. 
Within the tested vibrios, Vibrio parahaemolyticus was more sensitive to EGCG 
compared to Vibrio cholerae non-Ol and Vibrio cholerae (Table 3.5). 
Organisms EGCG EGC ECG EC GA 
Vibrio parahaemolyticus 0.1 mM ImM ImM 10mM 1 mM 
Vibrio cholerae non-Ol 0.25 mM 0.5 mM 0.5 mM 10 mM N.D 
Vibrio cholerae 0.25 mM 1 mM 0.5 mM 10 mM N.D 
Key: EGCG =Epigallocatechin gallate, 
EGC= Epigallocatechin, 
GA= Gallic acid neutralised 
EC= Epicatechin 
ECG= Epicatechin gallate 
N.D=Not done 
Table 3.5- MIC values of tea catechins and neutralised gallic acid (n=3) determined in 
static incubation ofNB+2% salt at 37 DC. 
When the bactericidal level was investigated, EGCG was bactericidal at 1 mM to the 
tested vibrios. For EGC 0.5mM, ImM and 5mM were bactericidal against Vibrio 
cholerae non-Ol, Vibrio cholerae and Vibrio parahaemolyticus respectively. ECG was 
bactericidal at ImM for Vibrio cholerae non-Ol and Vibrio cholerae; but 5mM for Vibrio 
parahaemolyticlls. GA was bactericidal at 5mM for Vibrio parahaemolyticus. EC was not 
found to be bactericidal against any of the vibrios even at the highest concentration used 
(IOmM). 
61 
3.4 MIC shown by EGCG against various strains of Vibrio parahaemolyticus 
To investigate the intraspecies variability of sensitivity to tea catechins, MICs for EGCG 
were determined against 8 strains of Vibrio parahaemolyticus including both clinical and 
environmental strains. All the strains tested showed similar sensitivity indicating that 
there is only slight intraspecies variation in sensitivity (Table 3.6). 
CULTURE CODE MIC BACTERICIDAL 
CON CENTRA TION 
V05/16;clinical O.lmM ImM 
V05/22;environmental O.25mM ImM 
V05/35 ;environmental O.25mM ImM 
V05/62;clinical O.25mM 5mM 
V05170;environmental O.25mM ImM 
V061l2;reference O.25mM 5mM 
V061l1 ;clinical O.25mM ImM 
V06/13;clinical O.25mM 5mM 
Table 3.6- MIC and bactericidal concentration of EGCG against various strains of 
Vibrio parahaemolyticus determined in static incubation ofNB+2% salt at 37°C (Mean 
MIC of triplicate n=3 samples shown). 
3.5 Inhibition by Fresh Green Tea Extract under aerobic and anaerobic conditions 
From the previous results it appeared that antimicrobial activity was associated with the 
presence of a galloyl moiety in the molecule. These compounds are redox active because 
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of the presence of ortho hydroxyl groups. Previous studies have indicated the importance 
of redox activity in the antimicrobial activity of another plant polyphenol (oleuropein) 
(Zanichelli et al, 2005). It was therefore decided to investigate any role oxygen may have 
in the antimicrobial activity of tea polyphenols. When this was assessed using the hole in 
plate assay, significantly larger zones of inhibition were obtained under aerobic 
incubation conditions compared to anaerobic conditions (P<0.05) using 10% fresh green 
tea extract. At lower concentrations of GTE (5% & 1 %) there was a less clear cut 
differences between aerobic and anaerobic conditions (Table 3.7), 1 % showed no 
appreciable difference and 5% only showed a difference with the two Vibrio cholerae 
strains. 
AEROBIC CONDITION ANAEROBIC CONDITION 
Culture Concentration of Green Tea Concentration of Green Tea 
10% 5% 1% 10% 5% 
Vibrio cholerae 19.2 16.2 0 16.5 14.2 
Vibrio cholerae non-01 17.8 13.7 0 0 0 
Vibrio parahaemolyticus 19.7 16.4 13.4 18.3 16.7 
Key: 0 = No Zone of Inhibition 
Table 3.7- Zone of Inhibition (diameter in mm) on nutrient agar +2%NaCI under 
different incubation conditions using fresh green tea extract 37°C (Zones of inhibition 
are measured in triplicate and in two experiments experiment). 
Similar experiments were performed using purified tea catechins and the results are 
presented in (Table 3.8). There is a clear dose response relationship with higher 
concentrations of the test compounds giving larger zones of inhibition. The 3 Vibrio 
1% 
0 
0 
13.9 
63 
species tested showed similar sensitivities to the individual test compounds although 
Vibrio parahaemolyticus was consistently the most sensitive under aerobic conditions. 
Significantly larger zones of inhibition (P<O.OS) were observed under the aerobic 
conditions for all 3 vibrios. 
AEROBIC CONDITION ANAEROBIC CONDITION 
Culture Concentration of tea catechin Concentration of tea catechin 
lOmM 5mM ImM lOmM 5mM 
ECG 
Vibrio parahaemolyticus 17.7 16.1 0 12.8 0 
EGCG 
Vibrio cholerae 14.6 11.S 0 14.3 1O.S 
Vibrio cholerae non-O 1 14.9 12.S 0 14.4 11.9 
Vibrio parahaemolyticus 20.7 18.3 12.S 17.3 13.8 
EGC 
Vibrio cholerae IS.8 13.1 0 0 0 
Vibrio cholerae non-Ol 17.1 14.8 0 16.7 14.6 
Vibrio parahaemolyticus 21.S 18.7 0 16.0 14.1 
EC 
Vibrio cholerae 0 0 0 0 0 
Vibrio cholerae non-Ol 0 0 0 0 0 
Vibrio parahaemolyticus 0 0 0 0 0 
Key: O=No zone of inhibition 
Table 3.8- Zone of Inhibition (diameter in mm) on nutrient agar +2%NaCI under 
different incubation conditions using purified catechins at 37 0 C (Zones of inhibition 
(average) are measured in triplicates, n=3). 
ImM 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
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3.6 Inhibition by gallic acid and neutralized gallic acid under aerobic and 
anaerobic incubation conditions 
On the basis of the previous studies that suggested that the galloyl portions of the 
catechins are responsible for the antimicrobial activity, gallic acid was also tested under 
aerobic and anaerobic conditions against Vibrio parahaemolyticus (the most sensitive 
Vibrio). Vibrio parahaemolyticus was not affected by gallic acid neutralised (pH 5.38-
5.4) and gallic acid (pH 3.36-3.38) under aerobic or anaerobic conditions. None of the 
tested concentrations of gallic acid had any inhibitory affect. 
3.7 Overlay Technique using Base layer Peptone water Agar (PWA) + 0.5% 
tryptone 
In the case of the olive polyphenol, oleuropein, it has been shown that some of the 
antimicrobial activity is due to the production of hydrogen peroxide (Zanichelli et aI, 
2005). To investigate whether hydrogen peroxide production was important in the 
observed inhibition, an overlay technique was used. In this, discs soaked in the test 
solutions were laid on an agar base layer and left overnight before being overlaid with a 
layer of nutrient agar with 2% NaCI containing the test organism. Using this technique 
quite large and significant (P<0.05) differences were observed in the inhibition, when 
both stages were performed aerobically compared to when the disc exposure and culture 
incubation were under anaerobic conditions (Table 3.9). Aerobic conditions were found 
to give rise to larger zones of inhibition. 
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Culture AEROBIC CONDITION ANAEROBIC CONDITION 
40mM 20mM 15% 40mM 20mM 15% 
EGCG EGCG GTE EGCG EGCG GTE 
Vibrio parahaemolyticus 18.1 5.9 l3.0 9.5 o 9.4 
Key: 0 = No Zone of Inhibition; GTE = Fresh green tea extract 
Table 3.9- Zone of Inhibition (diameter in mm) using overlay technique (Zones of 
inhibition (average) are measured, n=5). 
If hydrogen peroxide production is important then its degradation by catalase would 
eliminate or reduce the observed inhibition. However, in this study (Table 3.1 0) when 
catalase was present it appeared to reduce the inhibition only slightly but not significantly 
(P > 0.05) suggesting that factors other than hydrogen peroxide must be responsible for 
the inhibition. 
Culture AEROBIC CONDITION 
40mM EGCG 20mM EGCG 15% GTE 
Vibrio parahaemolyticus 
( +catalase) 16.9 6.1 11.3 
Vibrio parahaemolyticus 
(- catalase control) 17.4 9.1 11.5 
Key: 0 = No Zone of Inhibition 
Table 3.10- Zone of Inhibition (diameter in mm) showed by Overlay Technique using 
base layer spread with Catalase/RO water (Zones of inhibition (average) are measured in 
triplicates, n=3). 
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The possibility of the production of oxidising species from EGCG and GTE was further 
investigated by incubating the base layer containing the EGCG or GTE aerobically or 
anaerobically before adding the overlay and incubating again aerobically or anaerobically 
(Table3.11).The results confirm that oxidative effects are important in the inhibition. The 
smallest zones of inhibition were obtained when both the bottom layer and overlay were 
incubated anaerobically (Table 3.ll).These were slightly smaller than zones obtained 
with aerobic incubation of the bottom layer followed by anaerobic incubation after 
overlay (Table 3.11). The largest zones (P<O.OS) were obtained when all stages of the 
procedure were performed aerobically (Table 3.11). 
Conditions 40mMEGCG 20mMEGCG 15% GTE 
Base layer anaerobic/ Overlay anaerobic 19.4 4.2 10 
Base layer aerobic/ Overlay anaerobic 20.3 IS.9 13.8 
Base layer aerobic/ Overlay aerobic 2S.7 19.4 16.S 
Table 3.11- Zone of inhibition (diameter in mm) shown by Vibrio parahaemolyticus 
(Zone of inhibition (average) of measurements, n=S). 
3.8 Antioxidant activity of tea components 
Redox activity manifests itself in antioxidant activity: the ability of a compound to retard 
the oxidation of other oxidation sensitive compounds. The antioxidant activity of tea 
polyphenols was measured to see whether it correlated with their observed antimicrobial 
activity. Different methods of determining antioxidant activity are acknowledged to give 
different results and there is no generally approved gold standard and thus one must 
decide upon a single method or use multiple assays to truly reflect the total antioxidant 
capacity of a particular sample (Prior et aI, 200S; D'iaz-Reinoso et al, 2006; Karadag et 
aI, 2009; Augustyniak et aI, 2010; Othman et aI, 2010). For this reason the antioxidant 
67 
activity of the tea polyphenols was measured by 2 different methods; the ferric 
thiocyanate (FTC) method and by the determination of peroxide value (PV) (Kikuzaki 
and Nakatani, 1993; Pegg, 2001; Pegg, 2001 a; Pegg, 2001 b; Xu et aI, 2003; Yildiz et aI, 
2003; Singh et aI, 2007; Huda-Fujan et aI, 2009). 
Antioxidant activity of individual catechins (EGCG, ECG, EGC and EC) was measured 
in a linoleic acid system using the ferric thiocyanate (FTC) method (Kikuzaki and 
Nakatani, 1993). The FTC method showed that EGCG exhibited the best antioxidant 
activity by inhibiting the oxidation of linoleic acid. The results of the FTC method for 
EGCG, EGC, ECG and EC are shown in Figures 3.4a -3.4d. Over the course of 6 hours 
the absorbance increases due to oxidation of linoleic acid. Where antioxidant activity is 
occurring then the increase in absorbance is reduced. The extent of this reduction is a 
measure of the antioxidant activity. 
The percentage inhibition was calculated after 6 hours using the formula: 
100 - (test/control X 100) 
These results are presented in Table 3.12. 
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Fig 3.4a - FTC method showing inhibition of oxidation in linoleic acid system by 2mM 
EGCG. 
0.16 
0.14 -
0.12 -
0.1 
OJ 
<.J 
c 0.08 Ol 
.c 
... 
0 
<J) 0.06 .c 
< 
0.04 
0.02 
--/ ~ 
-
~ 
l7 
--------
-
-~ 
0 
I 2 3 
-0.02 
4 5 6 
Time(hours) 
Fig 3.4b- FTC method showing inhibition of oxidation in linoleic acid system by 2mM 
ECG. 
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Fig 3.4c- FfC method showing inhibition of oxidation in linoleic acid system by 2mM 
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Fig 3.4d- FTC method showing inhibition of oxidation in linoleic acid system by 2mM 
EC. (Figures 3.8a - 3.8d Data of Control (- ) and Test (_ ) are average measurement of 3 
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and replicate the experiment (n=6) presented. Error bar shows the standard error (SE) of 
samples). 
Tea Catechin 
EGCG 
ECG 
EGC 
EC 
% of Inhibition 
58 
55 
46 
50 
Table 3.12- Antioxidant activity shown by 2mM tea catechins in linoleic acid system 
after 6 hours (Data showed inhibition of oxidation is average measurement of 3 and in 
duplicate experiments, n=6). 
The antioxidant activity was also estimated by determination of the peroxide value (PV) 
in sunflower oil. PV value is expressed in mEq/Kg of sample. Antioxidant activity of 
individual catechins (EGCG, ECG, EGC and EC) was measured in sunflower oil after the 
six hours exposure to UV at 254nm (Fig 3.5 - Fig 3.8). Over the course of 6 hours UV 
exposure at 254nm the titre increases due to oxidation of sunflower. Where antioxidant 
activity is occurring then the increase in titre is reduced. The extent of this reduction is a 
measure of the antioxidant activity. 
PVCmEq/Kg) = (titre of sample - titre of blank) X molarity of thiosulfate X 1000 
Weight of oil (grams) 
For calculating the % of antioxidant activity of catechin using formula: 
100 - [{PVsample / PVcontrol} X 100] 
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Fig 3.5- In presence of 2mM EGCG, peroxide value (PV) estimation of sunflower oil. 
(Control ( ) and Test (- ) are average measurement of 2 and replicate the experiment 
(11=4) presented . Error bar shows the standard error (SE) of samples). 
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Fig 3.6- In presence of 2mM EGC, peroxide value (PV) estimation of sunflower oil. 
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Fig 3.7- In presence of 2mM ECG, peroxide value (PV) estimation of sunflower oil. 
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Fig 3.8- In presence of 2mM EC, peroxide value (PV) estimation of sunflower oil. 
(In Figs 3.9 - 3.] 2 Control (- ) and Test (- ) are average measurement of 2 and replicate 
the experiment (n=4) presented. Error bar shows the standard error (SE) of samples) . 
Tea Catechin 
EGCG 
ECG 
EGC 
EC 
% of Antioxidant activity 
24 
9.8 
-2 
18 
Table 3.13- Antioxidant activity (0/0 ) shown by 2mM various catechins in sun flower oil 
after 6hours exposure to UV 254nm. 
In the current study it was found that EGCG was the most effective antioxidant and EGC 
the leas t. Order of effectiveness of catechins using the FTC method appeared as EGCG > 
EeG > EC > EGC (Table 3.12) whereas using PV method it was EGCG > EC > ECG > 
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EGC (Table 3.13). This does not correlate with the antimicrobial activity against Vibrio 
parahaemolyticus (EGCG > EGC ::::: ECG > EC) other than the fact that the EGCG was 
the most potent antimicrobial as well as the best antioxidant. 
3.9 Effect of aerobic Storage on the antimicrobial activity of Fresh Green Tea 
extract and EGCG 
The effect of storage on the antimicrobial activity of fresh green tea extract and EGCG 
solution over period of 64 days was determined. Samples were stored at 4°C in closed 
tubes and tested periodically for their antimicrobial activity. The results of fresh green tea 
extract are presented in Figure 3.9.The results fluctuated but a small decrease in overall 
activity was apparent. After 64 days there was a decrease of 13.3% in the zone of 
inhibition for 10% green tea extract, a 7% decrease for 1 % green tea extract, but an 
increase of 4% for 5 % green tea extract. The discontinuity in the curve at 64 day is also 
probably due to experimental error. There was a much clearer reduction in antimicrobial 
activity of EGCG (Fig 3.10) during storage, 47% observed for IOmM, a 53% reduction 
for 5mM and 100% reduction in 1 mM EGCG after storage of 64 days. The 
discontinuities apparent in the curve at 8 and 15 days is probably due to experimental 
error on one or both occasion, since all three concentrations display the same effect. 
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Fig 3.9- Effect of storage on the antimicrobial activity of various concentrations of fresh 
green tea extract (Data points shown the measurement of zone of inhibition (average) of 
triplicates ,n=3 ; Test showed (_ )10% fresh green tea extract,(_)5% fresh green tea 
extract and ( ) 1 % fresh green tea extract).Error bars shows the standard error (SE) of 
samples. 
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Fig 3.10- Effect of storage on the antimicrobial activity of various concentrations of 
EGCG, (Data points shown the measurement of zone of inhibition (average) of triplicates 
(n=3),Test showed (- ) 10mM EGCG, (- ) 5mM EGCG and ( )lmM EGCG ), ,Error 
bars shows the standard error (SE) of samples, 
3.10 Survival of organisms in presence of purified catechins 
Previous studies (Toda et aI, 1989; Taguri et aI, 2004) showed that GTE and purified 
catechins were bactericidal at higher concentrations, The bactericidal effect of 2mM 
EGCG and ECG against Vibrio parahaemolyticus and Vibrio cholerae were measured, 
At those concentrations, EGCG and ECG were both bactericidal to the vibrios, Viable 
numbers decreased by more than 5 log cycles in 120 minutes for Vibrio 
parahaemolyticus with 2mM ECG (Fig 3,11). The reduction in count was slower with 
Vibrio cholerae but was below the detection limit at 1440 minutes (Fig 3.12). 
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ECG was found to be slightly less effective than the EGCG. Vibrio parahaemolyticus 
levels fell below the detection limit by 300 lninutes in 2mM EGCG whereas in 2mM 
ECG low levels of survival were apparent after 1440 minutes . 
EGCG found to be more effective on Vibrio parahaemolyticus than Vibrio cholerae, 
viable count reached to less than detection limit of detection at 300 minutes (Fig 3.13) 
while for Vibrio cholerae the count declined more slowly but was less than the detection 
limit atJ440 minutes (Fig 3.14). 
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Fig 3.11-Survival of Vibrio parahaemolyticus in 2mM ECG (Data points are mean of 
duplicate determination in 2 experiments, n = 4) . Error bars represent the standard error 
(SE) of samples.The discontinuity apparent in the curve at 240 minute is probably due to 
experimental error. 
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Fig 3.12 -Survival of Vibrio cholerae in 2mM ECG (Arrow indicates that the count was 
less than the detection limit. Data points are mean of duplicate determination in 2 
experiments, n = 4). Error bars represent the standard error (SE) of samples. 
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Fig 3.13- Survival of Vibrio parahaemolyticus in 2mM EGCG (Arrow indicates that the 
count was less than the detection limit. Data points are mean of duplicate determination 
in 2 experiments, n = 4). Error bars represent the standard error (SE) of samples. 
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Fig 3.14- Survival of Vibrio cholerae in 2mM EGCG (Arrow indicates that the count was 
less than the detection limit. Data points are mean of duplicate determination in 2 
experiments, n == 4). Error bars represent the standard error (SE) of samples. 
3.11 Survival of Vibrio parahaemolyticus at different concentrations of EGCG 
During this study it appeared that EGCG was most active component against the Vibrio 
parahaemolyticus. To confirm that the activity of EGCG is dose dependant, different 
concentrations ofEGCG (0.5mm, Imm and 3mM) were used. In the presence ofO.5mM 
EGCG the organism showed an initial reduction in the viable count. After 10 minutes a 
reduction of only one log cycle had taken place and the viable cell count after 120 
minutes had increased to more than the inoculum level (Fig 3.15). At I mM EGCG a 
rapid reduction was seen in the viable count with a reduction of 2 log cycles after 20 
minutes, though cell s survived after I 440minutes (Fig 3.15). Three millimolar EGCG led 
to a rapid reduction in the viable count with a reduction of three log cycles after 20 
minutes and the viable cell count after 120 minutes was less than the detection limit (Fig 
3.19). 
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Fig 3.15- Survival curve Vibrio parahaemolyticus in various concentrations of EGCG . 
(Data points of Test of various concentrations ofEGCG (_ = 3mM, _ = ImM and = 
O.5mM) done in duplicate (average) and repeated the experiment. Error bar represents the 
standard error) . 
The death curves (Fig 3.15) plus additional data for 2mM EGCG were fitted into to the 
model of Baranyi and Roberts which describes only the growth/death and the stationary 
phase (Fig 3.19 - Fig 3.23 , Table 3.14) . For 1 mM (Fig 3.18) the data were not consistent 
with the model selected. Inspection of the graphs shows that the effect of this level of 
EGCG was on the cusp between overall inhibition and growth. This probably explains the 
difficulty of fitting a pure growth or survival model to such data. A description of the 
parameters defining the models available in DMFit is provided below: 
Initial Value: the initial logarithm of the bacterial cell density (in loglO cfu/g or In 
cfLl/g) . 
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Lag/shoulder: lag time (or shoulder in case of a survival curve). The lag time is usually 
defined as the intersection between the tangent to the exponential growth phase and the 
Initial Value. The units are the same as the units used for the time data. 
Maximum rate: Maximum growth rate (or max imum death rate in case of a survival 
curve).The units of the estimates relate to the uni ts of the data. For example, if the 
bacterial counts are in 10g lO cfu/g and the Time in hours , the maximum growth/death rate 
will be in 10g iO cfu/g/h . 
Final value: the fi nal logarithm of the cell density, in the same units as the data. 
http://modelling.combase.ccIDMF_HelpC aspx. 
Fig 3.16- Survival curve of Vibrio parahaemolyticus in Contro l, zero mi lli molar EGCG 
fitted in DMFit, web edition (Dynamic modelling fit) 
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Fig. 3.17- Survival curve of Vibrio parahaemolyticus in O.5mM EGCG fitted in DMFit, 
web edition (Dynamic modelling fit). 
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Fig 3.18- Survival curve of Vibrio parahaemolyticus in I mM EGCG fitted in DMFit, 
web edition (Dynamic modelling fit). 
83 
Fig 3.19- Survival curve of Vibrio parahaemoiyticLts in 2mM EGCG fitted in DMFit, 
web edition (Dynamic modelling fit) . 
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Fig 3.20- Survival curve of Vibrio parahaemoiyticLts in 3mM EGCG fitted in DMFit, 
web edition (Dynamic modelling fit) . 
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Concentration Initial Final value Maximum SE R2 
(mM)EGCG value rate 
0 7.7406 8.8591 0.0144 0.3348 0.6287 
0.5 6.8071 8.1602 0.0037 0.4110 0.5270 
] NC NC NC NC NC 
2 7.2505 1.9747 -0.1385 0.8401 0.8582 
3 6.1521 1.0013 -0.1627 1.1931 0.7298 
NC= values not consistent with model. 
Table3.14- Estimated parameters using Baranyi and Roberts model-No lag (Values of 
1 mM EGCG was not consistent with the Baranyi and Roberts model-No lag ). 
Using these data, the maximum death rate was plotted against EGCG concentration. A 
reasonable linear correlation was apparent (R2 = 0.9518) although failure to successfully 
model the I mM data meant there were only 4 data points (Fig 3.25). 
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Fig.3.21 Estimated maximum death rate at various concentrations of EGCG using 
Baranyi and Roberts model -No lag (Maximum death rate . ). 
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The model could be fitted for 1 mM by leaving out the last two data points where growth 
was occurring. Inclusion of this result in the correlation still gave a reasonable correlation 
though the R2 was slightly lower (0.9347) (Fig 3.22, Table 3.15) . 
Concentration Initial Final value Maximum SE R2 
(mM)EGCG value rate 
0 7.7406 8.8591 0.0144 0.3348 0 .6287 
0.5 6.807 1 8.1602 0.0037 0.4110 0.5270 
I 7.1470 5.4867 -0.0698 0.2348 0.8899 
2 7.2505 ] .9747 -0.1385 0.8401 0.8582 
3 6.1521 1.0013 -0.1627 1.1931 0.7298 
Table3.1S- Estimated parameters using Baranyi and Roberts model-No lag (Values of 
1 mM EGCG was adjusted, to fit the data in the Baranyi and Roberts model-No lag). 
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Fig.3.22 Estimated maximum death rate at various concentrations of EGCG usi ng 
Baranyi and Roberts model -No lag (Maximum death rate (_ ) and linear estimated death 
rate (- ) hown against the different concentration of EGCG with adj usted data of I mM 
EGCG in the selected model) . 
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3.12 Interaction of EGCG with Vibrio parahaemoiyticus cells 
3.12.1 Adsorption / Absorption of EGCG to cells of Vibrio paraizaemoiyticus 
For cells to be affected by EGCG it must first adsorb to the target cells. The amount of 
EGCG adsorbing to bacterial cells was estimated by determining residual EGCG in the 
medium . This was quantified using a standard curve relating medium absorbance at 
7S0nm to the concentration of EGCG (Fig 3.23). Approximately half of the amount of the 
EGCG sti II remained in the medium after 1440 minutes at all the concentrations used 
(Table 3.] 6) . At ] mM viable cell count decreased initially by 2 log cycles but then 
increased (Fig 3.24 a). At 2mM viable cell count decreased to Ie s than the detection limit 
at 1440minutes (Fig 3.24 b) whereas at 3mM it was reached to less than the detection 
limit at 240 minutes (Fig 3.24 c). 
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Fig 3.23- Standard curve of EGCG (Concentration of EGCG (_ ) used were 0.02Smg/ml , 
0.05 mg/ml , O.lmg/ml , 0.2mg/ml and 0.3mg/ml in nutrient broth +2%NaCI with (-) 
linear correlation) . 
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Fig 3.24 a - Amount of 1 mM EGCG remaining in the medium after absorption to cells. 
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Fig 3.24 b- Amount of 2mM EGCG remaining in the medium after absorption to cells. 
88 
I 
u 
OJ) 
.2 
W 
.!!l 
c 
'" OJ) .. 
o 
.... 
o 
c 
·3 
'" .. c 
.. 
u 
c 
o 
U 
'" 
" 
0 
~ 
, 
-
1\ 
IDO 
'I1mc(minutcs) 
.-
.,' 
rr~ 
~~ ..;. 
~ 
11 
~ 
100 300 500 700 
'I1me (minutes) 
--
- -, ~-~ 
--
-- ~ 
~ 
900 1100 1300 ISP 
1.6 
1.4 
I 2 ::;:. 
. .e 
OJ) 
-2 
'" ~ 
.5 
0.8 " U 
~ 
0.6 '0 
§ 
0.4 E 
<t 
0.2 
o 
o 
Fig 3.24 c- Amount of 3mM EGCG remaining in the medium after absorption to cells (In 
Fig 3,24 a, b & c Concentration of organisms in Test (- ) and Control ( ) are mentioned. 
Amount of EGCG remained in Test (- ) also shown, Arrows represent the count less than 
detection limit) , Error bar represents the standard error (SE). 
Initial concentration of EGCG 
3mM 
2mM 
lmM 
% remaining after 1440 minutes 
58 
40 
51 
Table 3.16- Amount of various concentrations of EGCG remained after 1440 minutes. 
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3.12.2 Effect of EGCG on cell permeability in Vibrio parahaemolyticus 
Many antimicrobial s exert their effect at the plasma membrane causing leakage of cell 
constituents. One important small molecule which may be lost as a result of membrane 
damage is ATP. ATP loss from Vibrio parahaemolyticus cells exposed to 2mM EGCG 
was measured using the bioluminescence assay. The results (Fig 3.25) show a massive 
release of ATP in the presence of EGCG compared with the control where levels of ATP 
in the medium remained close to zero throughout the experiment. This reflected the 
decline in the viable number in the test sample. 
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Fig 3.25 -ATP release in medium 2mM EGCG using luminescence (Data shown of 
mean of duplicate samples and repeat the experiment. ATP filtrate (average) in test 
sample (_), ATP fi ltrate (average) in control (- ), Viable cells (average) in test ( ) and 
Viable cells (average) in control (x)).Error bar represents the standard error(SE) . 
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3.12.3 Effect of cell membrane composition on sensitivity to EGCG 
Since the tea polyphenols appear to act at the cell membrane, changes in its composition 
may affect sensitivity. One way of changing membrane composition is by growing cells 
at different temperature where the proportion of short chain, unsaturated and branch 
chained fatty acids will increase at lower growth temperature. In order to modify 
membrane composition in this way, it was first necessary to determine the range of 
temperatures over which Vibrio parahaemolyticus would grow. Vibrio parahaemolyticus 
was grown at different temperatures using the thermoblock. There were 36 holes in the 
thermoblock. The temperature at an individual hole was determined from the graph hole 
number vs temperature for two different temperature ranges 2°e - 200 e and 15°e -
44°e (Fig 3.26 and Fig 3.27).The growth of Vibrio parahaemolyticus measured by 
absorbance at 600nm was plotted against the temperature (Fig 3.28). Maximum 
temperature for growth was about 44°e and the minimum was 12°e (Fig 3.28). After 24 
hours stationary phase reached in most tubes but after 6 hours optimum growth rate 
appeared at 37°C. There is a slight discontinuity apparent in the curve at 25°e IS 
probably due to experimental error. 
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To produce cultures wi th potentially different membrane composition, cul tures were 
grown at l SoC and 37°C overnight. The different growth temperature had ome effect on 
the inhibition of Vib rio parahaemolyficus against ImM EGCG (Fig 3.29).The inhibition 
calculated as (log[No/N]) .where No is the initi al concentrati on of organi sm, N is the 
concentration at the time of sampling. More inhibition wa observed after 120 minute In 
the cul ture grown at ISoC than 37°C but the diffe rence was not significant (P>O.OS) . 
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CHAPTER 4 DISCUSSION 
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4. Discussion: 
The green tea had marked antimicrobial activity against Vibrio species. This is not 
observed with the black tea. During this study, 1 %,2%,3%,4% and 5% w/v of powdered 
green tea extract was found out effective against Vibrio parahaemolyticus, Vibrio 
cholerae, Vibrio cholerae non-01, Staphylococcus aureus and Bacillus cereus .While the 
higher concentrations (40mg/ml and 50 mg/ml) were effective against Listeria 
monocytogenes. During the recent study, zones of inhibition were measured to assess the 
antimicrobial activity of the green tea extract against several Vibrio species as well as 
some other species. Other researchers like Friedman (2007) used only Vibrio cholerae 
but not the other vibrios. Some researchers were used the trypticase soy broth and brain 
heart infusion agar or brain heart infusion broth but none used nutrient broth with salt 
and nutrient agar with salt for the Vibrio species. Furthermore they used the different 
concentrations of green tea (from several brands) against the tested organism so there was 
no consistency in the previously published work ( Kim et aI, 2004; Tiwari et aI, 2005; Si 
et aI, 2006; Friedman, 2007; Perumalla and Hettiarachchy, 2011). Other studies have 
confirmed the antimicrobial activity of GTE against Vibrio species, notably Friedman 
(2007) and Taguri et al (2006) but they frequently report a much broader range of 
activity. Some also have noted activity against viruses such as Adenoviruses (Friedman, 
2007). Other studies, pointed out the antibacterial activity of green tea against variety of 
organisms such as Salmonella Typhimurium (Tiwari et aI, 2005; Si etal, 2006), 
Escherichia coli 0157 (Si et aI, 2006; Perumalla and Hettiarachchy, 2011), Shigella 
dysenteriae (Tiwari et aI, 2005), Yersinia enterocolitica (Tiwari et aI, 2005). For the tea 
extracts used the members of the Enterobacteriacea (Escherichia coli, 0517 non 
toxigenic, Shigella sonnei, Yersinia enterocolitica, and Salmonella Typhimurium) did not 
display any sensitivity at the concentrations used. Vibrios and Enterobacteriacea are both 
Gram negative bacteria although they will have differences in the structure of their cell 
envelope, particularly the outer membrane (Koga and Kawata, 1983; Nikaido, 2003). It 
might have been useful had time permitted to investigate the sensitivity of another group 
of Gram negative the pseudomonads. 
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Antibacterial activity shown by Green Tea Extract (GTE) has been ascribed to the 
catechins predominantly to the epigallocatechin gallate (EGCG) and epigallocatechin 
(EGC) (Lee et ai, 2008). 
The major catechins in green tea are epicatechin (EC), epigallocatechin (EGC), 
epicatechin gallate (ECG) and epigallocatechin gallate (EGCG). These appear to be 
responsible for the inhibition of Vibrios. In our work a clear dose response relationship 
observed when purified catechins were used. EGCG was most effective against the tested 
organisms, while EC was found to be less effective than the EGC and ECG. MICs of 
these major catechins were found to be EGCG > ECG ~ EGC ~ GA » EC. In a different 
study, EGCG found quite effective in treatment of clinical isolates of Helicobacter pylori 
in combination with antibiotics regardless of their sensitivity to antibiotics (Yanagawa et 
ai, 2003). Another study reported that the MICs of purified tea catechins against the 
Staphylococcus aureus were EGCG 250mg/l (0.55 mM) > ECG 1000mg/l (2.26 mM) > 
EC 8000mg/i (27.6 mM) (Akiyama et aI, 2001). The anti-Helicobater pylori MICs of 
EGCG were recorded as 50 - 100/Jg/ml (0.11- 0.22 mM) which was about 16 times more 
active than ECG 800 - 1600/Jg/ml (1.81 mM - 3.62 mM) (Yee and Koo, 2000). In a 
separate study EGCG showed as MIC of 0.03/Jmollmi (0.03 mM) against Campylobacter 
jejuni (Nagayama et ai, 2002). During the present study the individual purified catechins 
were tested against Vibrio species whereas other researchers (Kinjo et ai, 2002; Taguri 
et ai, 2006; Lee et aI, 2008) either used a mixture of polyphenol 80mg/ml(Taguri et ai, 
2006) or used a cell line not bacteria to observe the radical scavenging activity (Kinjo et 
aI, 2002).Our results are generally in agreement with the reported research: activity of 
EGCG appears to be correlated with the possession of the trihydroxyphenyl, galloyl 
moiety: a point that has been noted by other workers with other organisms (Kinjo et aI, 
2002; Taguri et aI, 2006). Among the tea catechins EGCG is found to be 5 times more 
effective than EC due to having the pyrogallol moiety at the B-ring and galloyl moiety at 
C-3 (Kinjo et ai, 2002). A similar sort of observation was made by Taguri et aI, 2004 and 
Lee et aI, 2008; they reported that the antibacterial effects of EGCG against Vibrio 
species was due to the presence of galloyl moiety which increased the antibacterial 
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activity (Taguri et aI, 2004; Lee et al, 2008). In our work EGCG was found to be the most 
active component against the tested vibrios, EGC ;::: ECG ;::: GA. It was found to be active 
about at ImM concentration against Vibrio parahaemolyticus compared to 5mM for 
EGC, ECG and GA. The sensitivity to EGCG appears to be a common feature of both 
environmental and clinical strains of Vibrio parahaemolyticus. 
In the recent study green tea extracts were shown to contain EGCG, EGC, ECG and EC 
as determined by liquid chromatography/mass spectrometry (LC/MS). These results are 
in accordance with other workers, who analysed the GTE and pointed out the presence of 
these (EGCG, EGC, ECG and EC) tea catechins along with other components (Poon, 
1998; Mizooku et aI, 2003; Xu et aI, 2004; Lin et aI, 2008; Chedea et aI, 2011). The 
antimicrobial activity and antioxidant activity of green tea extracts was found to be due to 
the presence of these catechins. In our study the composition of EGCG, ECG, EGC and 
EC in 10% green tea extract were found as 10.3 mM, 2.8 mM, 15.6 mM and 3.6mM 
respectively. In a separate study the contents of catechins found in two different green 
tea brands were 154.4 mg/g in Zhenong-xiangya and 170.7 mg /g in Zhenong-cuiliu 
(Liang et aI, 1990). In another study different levels of epigallocatechin gallate (EGCG) 
were ranged from 117 to 442 mg/l (0.26 - 0.97 mM), epicatechin gallate (ECG) from 203 
to 471 mg/l (0.46 - 1.07 ruM), epigallocatechin (EGC) from 16.9 to 150 mg/l (0.055-
0.49 mM), epicatechin (EC) from 25 to 81 mg/l (0.086 - 0.279 mM) and catechin (C) 
from 9.03 to 115 mg/l (0.031mM - 0.397 mM) (Reto et aI, 2007). In a separate study 
using 1 gm of tea leaves/ 18ml of boiling water using HPLC-MS; it was found different 
levels ofEGCG from 1255 mg/l (2.74 mM), ECG 361 mg/l (0.82 mM), EGC 1565 mg/l 
(5.11 mM) and EC 270 mg/l (0.93 mM) (Del Rio et al,2004). The different studies show 
slight variations in composition with some (including ours) finding EGCG the 2nd most 
prevalent catechin. The differences observed could be due to differences in factors such 
as sample preparation methodologies, brewing times, temperature and leaves/water ratios 
used. The comparison of the results is sometimes difficult due to the lack of uniformity in 
the conditions used to prepare the extracts (Reto et al 2007). 
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Our results show that the effectiveness of catechins containing the galloyl moiety is 
related in part to their redox activity, although this is not a total explanation. It was 
observed during the experiments that under aerobic conditions of incubation, larger zones 
of inhibition were produced compared to those produced under anaerobic conditions 
(P<0.05) at a level of 10% fresh green tea extract. At lower concentrations of GTE there 
was no clear cut difference for Vibrio parahaemolyticus, while there was a small 
difference found for the two Vibrio cholerae strains. 
When purified catechins were used, significantly larger zones of inhibition were observed 
under the aerobic incubation for all three vibrios (P<0.05). In contrast to our investigation 
a study into the possible role of oxygen in the antibacterial action of thymol oil or its 
constituent thymol towards Salmonella Typhimurium revealed that the viable count 
decreased less under the aerobic conditions. This study related this effect to the 
polyphenolic constituents and the bacterial membrane proteins (Juven et aI, 1994). In a 
separate study it was found that tea catechins with cupric ion promoted extensive 
DNA cleavage and fatty acid peroxidation in vitro under aerobic conditions. According to 
this study polyphenols probably reduced Cu2+ to Cu+ which then produced 
active oxygen species which attack the DNA (Hayakawa et al 1997). In another study it 
was reported that the antifungal activity of the catechin against C. albicans was pH 
dependent and reduced greatly at acidic pH. Among these catechins, pyrogallol catechins 
(EGCG, EGC, GC and GCG) were more effective than catechol catechins (EC, ECG, C 
and CG) against C. albicans (Hirasawa and Takada, 2004). Another study showed that 
condensed tannins from wattle extract were toxic to E. coli in aerobic medium primarily 
because they generate hydrogen peroxide (Smith et aI, 2003). The antimicrobial activity 
of some polyphenol e.g oleuropein has also been shown to be related to the production of 
hydrogen peroxide. The reaction was initiated by the non inhibitory levels of H20 2 
present as a result of tryptone oxidation in the underlying medium (Zanichelli et aI, 
2005). In our study however catalase did not appear to significantly reduce inhibition (P> 
0.05) suggesting that factors other than the hydrogen peroxide production may be 
involved in the antibacterial activity. 
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Catechins can be used in foods to retard the lipid oxidation (Yusuf Yilmaz, 2006) and the 
fact that when our plates were incubated aerobically, larger zones were obtained, clearly 
suggest a role for oxygen in the antibacterial activities of tea catechins. 
GTC not only have antioxidant properties but also have the novel property of trapping 
reactive carbonyl species (RCS); where the A ring in the structure of the catechin is the 
binding site for RCS trapping and the B ring is the chosen site for anti oxidation (Wang 
and Ho, 2009). It was thought that the antimicrobial activity might correlate with 
antioxidant potential. 
In the majority of the reports, EGCG was shown to be more efficient as a radical 
scavenger than ECG, EC and EGC, which may be attributed to the presence of the 
trihydroxyl group on the B ring and the gallate moiety at the 3 position in the C ring 
(Weinreb et al 2009). Most of the health benefits of tea have been recognized due to the 
antioxidant activity of polyphenolic compounds (Xu et al, 2003; D'iaz-Reinoso et aI, 
2006). Their activity is mainly due to their redox potential, which allows them to serve as 
reducing agents, hydrogen donors, as well as chelating metals and singlet oxygen 
quenchers (D'iaz-Reinoso et aI, 2006; Aiyegoro and Okoh, 2009; Asgarirad et aI, 2010; 
Zheleva-Dimitrova et aI, 2010).The chemical properties of polyphenols in terms of the 
accessibility of the phenolic hydrogens as hydrogen donating radical scavengers predicts 
their antioxidant activity (Rice-Evans et aI, 1996). Tea catechins can work as antioxidants 
by donating a hydrogen atom as an acceptor of free radicals, disrupting chain oxidation 
reactions or by chelating metals such as copper (II) and iron (III) to form inactive 
complexes and prevent the generation of potentially damaging free radicals(Gramza et al 
2006). In a study reported by Nanjo et aI, (cited in Weinreb et al 2009), they have been 
found to be more efficient radical scavengers than vitamin E and C. 
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In our study we measured the antioxidant activity of green tea catechins (EGCG, EGC, 
ECG and EC) using two different methods (FTC and PV). Both methods showed EGCG 
to be the best antioxidant. 
Our results showed the same problems encountered by other researchers using the large 
number of methods for measuring antioxidant activity for different situations like type of 
substrate, operational conditions, initiators, oxidants, end points of oxidation and methods 
to measure the oxidation (D'iaz-Reinoso et aI, 2006). During our study comparing 
antioxidant activity in terms of percentage of inhibition of oxidation, the values from the 
PV and FTC methods were quite different. EGCG emerged as the most effective in both 
methods whereas ECG > EC > EGC in FTC method and EC > ECG > EGC in the PV 
method. Our results are in agreement with the studies (Muselik et al,2007) who found no 
correlation between the results obtained using the thiobarbituric acid reactive 
substances (TBARS) method and those obtained in the aqueous media by peroxynitrite 
scavenging activity, trolox equivalent antioxidant capacity assay(TEAC), ferric reducing/ 
antioxidant power assay (FRAP) methods. Therefore it is rather difficult to compare and 
interpret the results of one method with the results found out with other available 
methods (D'iaz-Reinoso et aI, 2006; Augustyniak et aI, 2010). A better overall picture 
can be attained by performing different tests for the same problem (D'iaz-Reinoso et aI, 
2006). The order of the antioxidant activity shown in our study is in disagreement with 
Huang and Frankel (1997) where the antioxidant activity of tea catechins are on the 
basis of their hydrogen donating capacity (EGCG :::::: EGC > ECG > EC). 
In our study we also observed the effect of chill storage on the antimicrobial activity of 
fresh green tea extract and EGCG against Vibrio parahaemolyticus. The effectiveness of 
the active ingredients in GTE and as well as the activity of EGCG decreased with time. 
These results agree with other studies. Chen et al (2001) studied the degradation of green 
tea catechins in tea drinks and concluded that the degradation depended on various 
factors including the processing, storage and transport along with the pH and the various 
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ingredients added to the tea drinks. The stability of the catechins in GTE also depended 
on the brewing process, if tap water used for preparation of tea infusion then then the 
catechins epimerised during brewing and rapidly degraded (Wang and Keith, 2000). In a 
study carried out by Sang et al (2005) the auto oxidation and epimerization are the basic 
two reactions which caused instability of EGCG. EGCG dimers were the major oxidation 
products. The rates of these reactions were also influenced by temperature, partial 
pressure of oxygen and the level of antioxidant. In another study it was suggested that 
EGCG solutions could be stabilized using a metal scavenger (EDT A), an antioxidant 
(like ascorbic acid), keeping the pH below neutral and low temperature during storage 
(_20DC) (Zhou et al 2003). 
EGCG and ECG were shown to be bactericidal in concentration exceeding their MICs 
producing rapid death in population of Vibrio cholerae and Vibrio parahaemolyticus. 
This could be fitted to a mathematical model which gave an estimated death rate. These 
death rates correlated with the concentration of EGCG. 
Ikigai et al cited in Nagayama et al (2002) reported that catechins damage bacterial cell 
membranes. So that could be a possible reason for the sharp decrease in the viable count. 
So perhaps may be there would be a link between the redox activity of the compound 
and the cell damage, resulting in a rapid decline of viable cells due to the leakage of cell 
component resulting in the death of cell. 
Some studies on the relative affinities of catechins to lipid layer of cell membranes have 
been conducted. Their behaviour appears related to their stereochemistry, presence of 
galloyl moiety and the number of phenolics OH groups. A study carried out by Sirk et aI, 
2008 reported that there were two distinct type of catechins-lipid bilayers (i) binding to 
the lipid head groups near the bilayers surface (adsorption) and (ii) penetration into the 
bilayers interface (absorption). A separate study mentioned that ECG and EGCG were 
located on the surface and caused disruption in lipid bilayers membrane structure 
(Nakayama et aI, 2006).These reports support our results which showed that in the 
102 
presence of bacteria almost 50% of the different concentrations of EGCG were adsorbed 
from the medium. This behaviour it appeared to be more effective than the other 
catechins in inhibition of microbial growth. 
The leakage of various ions due to action of aromatic compounds present in plant 
extracts has been shown to have dramatic effects on cell membrane like effect on proton 
motive force, loss of ATP from cell also disturbing the cell turgor pressure, solute 
transport and regulation of metabolism (Poolman et al, 1987). A study carried out on the 
Helicobacter pylori found that the extracts of oregano and cranberry containing phenolics 
which caused the damage to cell membrane, as a consequence impairment of proton 
pumps and loss of H+ -ATPase, which lead to cause disruption in the normal cellular 
function of the microorganism and therefore lead to cell death (Lin et aI, 2005). Similarly 
essential oil of Melaleuca alternifolia had ability to disrupt the permeability barrier of 
cell membrane structures and the accompanying loss of chemiosmotic control and lead to 
death of Escherichia coli, Staphylococcus aureus and Candida albicans (Cox et aI, 
2000). 
Polyphenolic compounds are also reported to alter membrane permeability (Lanciotti et 
aI, 2004). Some previous work has been done with catechins and liposomes where they 
were shown to induce rapid leakage of small molecules entrapped in the intraliposomal 
space and aggregation of the liposomes (Smith et aI, 2005; Hirasawa and Takada, 2004). 
Another study showed leakage of 5, 6-carboxyfluorescein from phosphatidylcholine 
liposomes (Ikigai et aI, 1993). EGCG and ECG were shown more effective than EC for 
reducing membrane fluidity (Tsuchiya, 2001). Our results conducted with live ells are in 
agreement with these findings suggesting the ability of EGCG to bind with the cell 
membrane causing permeability surface changes resulting in the loss of cell viability with 
massive loss of A TP in to the medium. 
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Changing the composition of the cell membrane was attempted by growing cultures at 
two different temperature 15°C and 37°C. Many studies have shown that at elevated 
temperatures, the percentage of saturated fatty acids in bacterial phospholipids increased 
(Beuchat et aI, 1976). It has also been reported that the resistance of the overnight culture 
grown at high temperature increased resistance to adverse conditions like heat of 
Salmonella specie (Henry, 1982). Another study by Hansen (cited in Beuchat et aI, 1976) 
established that there was a clear relationship between increased saturated / unsaturated 
fatty acids ratio in lipid of E. coli at elevated temperatures and increased heat 
resistance. It is a well known fact that bacteria adapted to low temperature by increasing 
the production of fatty acids that have a low melting point (unsaturated fatty acids) to 
maintain the fluidity of the membrane (Kamimura et aI, 1993). Our results did not show a 
significant difference (P > 0.05) in inhibition after growing cultures at different 
temperatures. This was not a definitive experiment however and indicates that more study 
is required with changing the other factors like different concentration of salt in medium 
growing at various temperatures and perhaps some compositional analysis of membranes 
in cells grown under different conditions. 
4.1 Conclusion: 
The work has demonstrated the particular sensitivity of Vibrio species to GTC which may 
be of some advantage in regions where disease caused by these organisms is prevalent. 
The most active component in green tea extract has been identified as EGCG and its 
activity shown to be linked to the presence of galloyl moieties in its structure. This 
inhibitory effect appears to be related to the ability of EGCG to bind to the plasma 
membrane and participate in redox reactions causing an increase in cell permeability. 
4.2 Future Work 
Further work is required to elucidate the mechanism of action of tea polyphenols against 
Vibrios. The insensitivity of Enterobacteriaceae suggests that properties of the cell 
envelope may play apart and the warrants further investigation. 
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In Pakistan more applied work should be conducted to investigate the practical 
application of the results from this thesis. An obvious area would be in the treatment of 
sea foods to reduce contamination with vibrios and now effective then would be in 
applied situation. 
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6 Appendices: 
Appendix 6.1: List of Presentation! Posters 
Presentation: 
>- Presented the recent work in FHMS's seminar, University of Surrey (May 
2010). "Activity of tea polyphenols against Vibrio species". 
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Microbiology, Manchester, UK.Also won the prize for the best poster. 
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143 
Appendix 6.2 : Standard Curves of purified catechins 
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Fig 6.1- Standard curve of EC (Peak areas of EC plotted against the concentrations of EC 
25, 50, lOO,200,400,600 and 800I-lM). 
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Fig 6.2- Standard curve of EGCG (Peak areas of EGCG plotted against the 
concentrations of EGCG 25,50, 100,200,400, 600 and 800/-lM). 
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Fig 6.3- Standard curve of ECG (Peak areas of ECG plotted against the concentrations of 
ECG 25, 50, 100, 200,400, 600 and 800/-lM). 
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EGC 25, 50,100, 200, 400,600 and 800/-lM). 
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